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Brit. J. Pharmacol, (1952), 7, 1. 


ACTION ON CENTRAL NERVOUS SYSTEM OF 
COMPOUNDS RP 3565 AND RP 3697 AND 
OF TETRAMETHYLAMMONIUM AND 
TETRAETHYLAMMONIUM 


BY 


S. SALAMA* anno SAMSON WRIGHT 
From the Department of Physiology, Middlesex Hospital Medical School, London, W.1 


(Received June 4, 1951) 


Continuing our previous studies (Salama and Wright, 1950, 1951) of the central 
action of “ curariform ” substances we have examined the action of the compounds 
RP 3565 and RP 3697 (Gallamine triethiodide, “ Flaxedil”) and of tetramethyl- 
ammonium and tetraethylammonium. RP 3565 (Bovet, Courvoisier, Ducrot, and 
Horclois, 1947) is the dimethiodide of bis-(dimethylaminophenoxy)-1 : 5-pentane. 
RP 3697 (Bovet, Depierre, and Lestrange, 1947) is the triethiodide of tris-(8-diethy]- 
aminoethoxy) benzene (see also Bovet and Bovet-Nitti, 1948). We did not examine 
the central action of RP 3381 (diethiodide of bis-(8-quinolyloxy)-1 : 5-pentane) 
(Bovet. Courvoisier, Ducrot, and Horclois, 1946) because of its low solubility in water 
and other solvents. The results to be described show that RP 3565 has a central 
excitatory action resembling that of d-tubocurarine but only 5—10 per cent as strong. 
RP 3697 has a still feebler and inconstant central excitatory action. 

The main actions of tetraethylammonium (TEA) and tetramethylammonium 
(TMA) were first described by Burn and Dale (1914). The actions of the onium 
compounds have been reviewed by Ing (1936) and of TEA by Moe and Freyburger 
(1950). TEA has. no peripheral muscarine-like action on the heart; it paralyses 
autonomic ganglia without previous stimulation and has a weak peripheral neuro- 
muscular blocking action. TMA has a peripheral muscarine-like action ; in small 
doses it stimulates and in large doses paralyses autonomic ganglia, and it is a potent 
neuromuscular blocking agent. It was of interest to determine how the actions of 
TEA and TMA on the central nervous system compared with their ganglionic action 
and their action at the neuromuscular junction (the “paradigm” of a synapse 
(Sherrington, 1947)). The results to be described show that TMA which is a gang- 
lionic stimulant has a central depressant action (like nicotine), but is much weaker. 
The central action of TEA is complex, involving both excitation and inhibition. 
When injected intrathecally in large doses, however, TEA potentiates spinal reflexes 
by a direct action on the spinal neurones. 4 


* The main results were reported by S. Salama to the Physiological Society (April, 1948) and 
were incorporated in a Ph.D. thesis which was accepted by the University of London. 


A 








2 S. SALAMA and SAMSON WRIGHT 


METHODS 

Cats were used in all the experiments, anaesthetized with chloralose (60-80 mg. /kg. 
body weight) injected intravenously. The drugs investigated were injected by the intra- 
ventricular, intracisternal, intrathecal, or intravenous routes. Intraventricular and intra- 
cisternal injections were carried out as described by Salama and Wright (1950). 
Intrathecal injections were carried out by the method of Calma and Wright (1947) in 
intact and spinal animals. In the latter the spinal cord at the level of the proposed block 
was exposed ; a thread was passed round it enveloping the meninges, and very firmly tied 
around the dura and spinal cord. The block produced in this way was complete ; the 
cord inside the ligature appeared crushed. This type of block limits the local action of 
intrathecally injected drugs to the spinal cord caudal to the level of the ligature. 

The knee-jerk was elicited at regular intervals (every 5 or 10 sec.) by means of an 
electromagnetically operated tapper (Schweitzer and Wright, 1937a); the flexor reflex 
by single break shocks applied at 5 or 10 sec. intervals to the central end of the cut 
tibial nerve. 

The nerve-muscle preparation employed was the gastrocnemius, stimulated maximally 
through the sciatic nerve with break shocks once in 5 or 10 sec. 

Respiration was recorded by connecting the tracheal cannula through suitable valves 
(obtained from discarded gas masks) to a Marey’s tambour. 

In order to differentiate between the central and peripheral action of the drugs the 
ischaemic hind-limb preparation (Schweitzer and Wright, 1937c, 1938a) was employed ; 
after the collateral vessels had been tied the aorta and inferior vena cava were clamped 
and the drug injected into the jugular vein. It could thus reach the central nervous 
system but not the hind-limb muscles. Changes in the hind-limb reflexes under these con- 
ditions must be due to a central action of the drug. 


RESULTS 
Action of RP 3565 


Intravencus injection.—Injection of 0.15—0.25 mg./kg. intravenously produced a 
moderate fall of blood pressure. The respiration, the responses of the nerve-gastro- 
cnemius preparation, and the knee-jerk were all abolished rapidly at about the same 
time. Owing to the powerful neuromuscular blocking action of the drug the central 
excitatory action (to be demonstrated below) was masked. Recovery gradually set 
in ; the knee-jerk and the responses of the gastrocnemius reappeared first, and finally 
respiration returned. 


Intraventricular injection.—Fig. | illustrates a representative experiment in which 
5 mg. (1.5 mg./kg.) RP 3565 was injected intraventricularly. The responses of the 
nerve-gastrocnemius preparation began to decrease in 1 min. and disappeared 
in 11 min. This effect shows that in this dosage enough of the drug is rapidly 
absorbed from the cerebrospinal fluid into the general circulation to produce neuro- 
muscular block. There was no initial stimulation of breathing. Respiration declined 
about the same time as the peripheral paralysis set in and finally ceased ; artificial 
respiration, therefore, had to be started. In spite of the coincidental development 
of neuromuscular block, the knee-jerk was initially doubled in height ; resting quad- 
riceps tone was increased and seemingly spontaneous movements (convulsions) 
appeared. The hyper-reflexia and the spontaneous movements reached their peak in 
3 min. These observations prove that RP 3565 has an excitant action on the central 
nervous system. Asphyxia played little part in the production of the convulsions, 
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Fic. |.—Cat, 3.2 kg.; chloralose. Records from above downwards are: (N.M.) contractions of 
gastrocnemius (left side) stimulated through motor nerve; (K.J.) knee-jerk (right side); (B.P.) 
carotid blood pressure; respiration; time in 5 sec. At arrow, 5 mg. RP 3565 injected intra- 
ventricularly. Level of blood pressure at second arrow is 240 mm. Hg. At AR: artificial 
respiration started. 


as they were equally intense in experiments carried out under artificial respiration. 
Finally, however, the peripheral paralytic action became dominant ; the increase in 
the reflex responses and in tone and the convulsions passed off ; the knee-jerk be- 
came progressively weaker and finally disappeared after 10 min. 

After the injection the blood pressure showed an immediate but gradual rise 
from 150 to 240 mm. Hg, accompanied by an intense bradycardia ; these changes 
were not due to asphyxia. Since intravenous injection of similar (or smaller) doses 
of the drug lowered the blood pressure, the hypertension must have been due to 
increased activity of the vasomotor centre. 


Intrathecal injection—The following were the effects of intrathecal injection of 
8 mg. (2 mg./kg.) RP 3565 into the lumbar theca below a spinal block produced at 
the level of T 6 (to prevent upward flow of the drug) in an animal under artificial 
respiration. The knee-jerk was immediately enhanced. This increase attained its 
peak in 1.3 min., but was soon followed by a rapid decline and disappearance of the 
knee-jerk in 3.3 min. While the knee-jerk was enhanced, the responses of the gastro- 
cnemius muscle rapidly failed, indicating speedy absorption of the drug from the 
spinal subarachnoid space into the general circulation. The increase in the knee-jerk 
which occurred in spite of neuromuscular block indicates that the drug directly 
increased the excitability of the spinal cord. 
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After 45 min. the nerve-muscle responses partially recovered (to less than half 
their initial height), but the knee-jerk recovered completely. Subsequently, some 
spontaneous movements appeared, indicating persistent spinal cord hyper-excitability. 


Interaction of central and peripheral effects—In order to determine the extent to 
which the peripheral paralysing action of the drug was masking its central excitatory 
effects the ischaemic hind-limb technique (Schweitzer and Wright, 1937c, 1938a) was 
employed. These experiments also demonstrated that the drug was fixed or des- 
troyed by the tissues generally and especially by the elements of the central nervous 
system. 

(i) The abdominal aorta and inferior vena cava were clamped and then 10 mg. 
(2.5 mg./kg.) RP 3565 were injected intravenously (Fig. 2). The blood pressure 
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Fic. 2.—Cat, 4 kg.; chloralose, artificial respiration. Records from above downwards are: (K.J.) 
knee-jerk (right side); (N.M.) contraction of gastrocnemius (left side) stimulated through 
motor nerve; (B.P.) carotid blood pressure; time in 5 sec. At the first arrow, abdominal 
aorta and inferior vena cava clamped to produce hind-limb ischaemia. At the second arrow, 
10 mg. RP 3565 injected intravenously. Atthe third arrow, clamps on the blood vessels released. 
The drum was stopped for 3 hr. at the point indicated. No recovery of the knee-jerk, the 
nerve-muscle response, or the blood pressure occurred. 


showed an initial profound but temporary fall followed by a secondary more pro- 
found and sustained fall. Immediately after the injection, the knee-jerk was 
enhanced, although the responses of the nerve-gastrocnemius preparation were simul- 
taneously declining very slightly, possibly owing to some small leakage of the drug 
into the hind-limb circulation. The drug thus has a central excitatory action on 
spinal reflexes even when injected intravenously ; but if the drug is allowed access 
to the muscles the peripheral blocking action masks this effect. On release of the 
aorta and the inferior vena cava both the knee-jerk and the nerve-muscle response 
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disappeared owing to the drug reaching the hind-limb muscles in sufficient concen- 
tration to produce peripheral paralysis. 

(ii) In another experiment, after clamping the aorta and inferior vena cava, 5.0 
mg. (1.3 mg./kg.) RP 3565 were injected intraventricularly (Fig. 3). The blood 
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Fic. 3.—Cat, chloralose. Records from above downwards are: (K.J.) knee-jerk (right side); (N.M. 
contraction of gastrocnemius (left side) stimulated through its motor nerve; (B.P.) carotid 
blood pressure; time in 5 sec.; signal line. At the first arrow, abdominal aorta and inferior 
vena cava clamped to produce hind-limb ischaemia. At the second arrow, 5 mg. RP 3565 
injected intraventricularly. At the third arrow, the clamps on the blood vessels released. At 
AR: artificial respiration started. 


pressure rose at first (from 130 to 160 mm. Hg) owing to stimulation of the vaso- 
motor centre and then returned to about the initial level. The knee-jerk rapidly 
increased first to twice, and then further to four and a half times, the initial value, 
but there were no spontaneous movements at this stage. The responses of the gastro- 
cnemius decreased only slightly during the period of occlusion. When the circulation 
was released the knee-jerk remained enhanced ; in addition, at about this time spon- 
taneous movements set in which became rapid and violent and persisted for about 
20 min. This experiment demonstrates that the central excitation produced by 
supraspinal injection is of considerable duration, but that it is annulled, in the 
absence of hind-limb ischaemia, by the rapid onset of neuromuscular paralysis. 

On releasing the hind-limb circulation, depression of the nerve-muscle responses 
developed gradually and progressively. 


Action of RP 3697 


This drug has only a slight central excitant action which is shown mainly by the 
appearance of spontaneous movements in the upper part of the body. 

Intravenous injection.—Injection of 0.5 mg. (0.2 mg./kg.) RP 3697 had no effect 
on the response of the gastrocnemius muscle to motor nerve stimulation, on the knee- 
jerk, or on respiration. There was slight bradycardia and irregular fluctuations of 
blood pressure. Six minutes later, a further 0.5 mg. was injected. The responses 








6 S. SALAMA and SAMSON WRIGHT 


of the gastrocnemius and the breathing were still unaffected ; the knee-jerk, how- 
ever, was slightly depressed. After an initial transient rise, the blood pressure fell 
from 110 mm. Hg to a sustained level of 70 mm. Hg. Eight minutes later, a further 
dose of 1.0 mg. was injected. The responses of the gastrocnemius muscle were 
unchanged. The knee-jerk diminished further ; the blood pressure fell to about 
50 60 mm. Respiration, however, failed rapidly (in about | min.), and artificial 
respiration had to be started. Fifteen minutes later the responses of the gastro- 
cnemius were still unchanged, the knee-jerk was hardly detectable, and the blood 
pressure was only 40 mm. Hg. Natural respiration was still absent. After an injec- 
tion of a further dose of 1.0 mg. (making 3.0 mg. in all, or 1.2 mg./kg.), the knee- 
jerk was abolished completely. At the same time the responses of the gastrocnemius 
rapidly declined to about one-third of their initial height, but after 1 min. 
recovery gradually set in, the responses returning to their initial height in about 
12 min. The knee-jerk, however, remained absent ; neither the breathing nor the 
blood pressure showed any signs of recovery. 

In other experiments, a single 3 mg. dose of RP 3697 (1.3 mg./kg., equal to the 
total dose given in four injections in the previous experiment) produced the same 
sequence of events as described above ; first, paralysis of respiration ; then dis- 
appearance of the knee-jerk ; lastly the responses of the gastrocnemius were depressed 
and finally disappeared after 15 min.; they remained absent for one hour or longer, 
when recovery set in. The blood pressure fell immediately after the injection to a 
persistently low level. 

The effects of RP 3697 on blood pressure were variable. In the experiments 
described above in which artificial respiration was begun only after natural breath- 
ing had failed, considerable and sustained falls of blood pressure occurred. In other 
experiments, however, which were carried out under artificial respiration from the 
start, even larger and repeated injections of the drug (3.3 mg./kg.) produced no 
change in the blood pressure (Fig. 4). 
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FiG. 4.—Cat, 3.1 kg.; chloralose, ischaemic preparation, artificial respiration. The records from 
above downwards are: (K.J.) knee-jerk (right side); (N.M.) contraction of gastrocnemius (left 
side) stimulated through its motor nerve; (B.P.) carotid blood pressure; time in 5 sec. At the 
first arrow, the abdominal aorta and inferior vena cava clamped. At the second arrow, 10 mg. 
RP 3697 injected intravenously. At the third arrow, 10 mg. RP 3697 injected intravenously. 
At the fourth arrow clamps on the blood vessels released. Immediately, the knee-jerk and 
the nerve-muscle response were depressed and finally abolished. The blood pressure fell 
sharply, but recovered its initial level very rapidly. 
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In order to elucidate further the cause of the alterations in the knee-jerk, experi- 
ments were carried out using the ischaemic hind-limb technique. The abdominal 
aorta and inferior vena cava were clamped, and then two successive injections of 
10 mg. (3.3 mg./kg.) RP 3697 were carried out intravenously (Fig. 4). The drug 
did not reach the hind limbs in significant amounts, as shown by the fact that the 
responses of the nerve-muscle preparation remained unaltered during the period of 
the ischaemia. The knee-jerk, however, was slightly stimulated after the first intra- 
venous injection of the drug ; later it declined slightly, but not to a greater extent 
than may occur solely from the effects of ischaemia. On releasing the clamps the 
knee-jerk disappeared at once, while the nerve-muscle response remained unchanged 
for some 30 sec. and then rapidly and progressively failed. The depression of the 
knee-jerk which was produced by injection of much smaller doses of the drug in the 
intact (non-ischaemic) preparation must, therefore, have been due to a peripheral 
and not to a central action. The results obtained in the intact animal also showed 
that the peripheral blocking action of the drug was not exerted equally on all 
muscles or on all forms of muscular activity. The maximal twitch of the gastro- 
cnemius resulting from stimulation of its motor nerve every 5 or 10 sec. was more 
resistant than the knee-jerk and the movements of respiration ; the two latter are 
due to short subtetanic bursts of impulses from the motor neurones. Experiments 
described below showed that RP 3697 stimulated somatic reflex arcs by a central 
action. 


Intraventricular injection—Intraventricular injection of less than 2 mg. (0.5 
mg./kg.) had no effect. After injection of 2.0 mg. spontaneous movements appeared 
in the head and forelimbs, resembling in their mode of onset and development those 
observed after intraventricular injection of tubocurarine, but much feebler and more 
restricted in distribution. They affected the trunk and the respiratory muscles, but 
not the muscles of the lower limbs. They did not occur in all experiments and were 
never generalized. They did not occur after intrathecal injection of the drug. 
Asphyxia was not a factor, since artificial respiration did not abolish them. A second 
dose of 2.0 mg. did not usually intensify the effects. The blood pressure was usually 
unaltered. 

Injection of 5 ‘mg. (1.4 mg./kg.) intraventricularly produced a slight gradual 
enhancement of the knee-jerk ; the spontaneous movements which were well marked 
in the forepart of the animal did not involve the hind limbs. Injection of 10 mg. 
(2.7 mg./kg.) produced an exceptionally striking but temporary enhancement of the 
knee-jerk ; this phase was followed by depression and finally by disappearance of 
the response. 

These experiments show that RP 3697 has a significant but not very intense 
stimulating action on the central nervous system ; it exerts its effects more readily 
at the supraspinal than at the spinal level. 

The drug is readily absorbed from the cerebrospinal fluid. Thus after injection 
of 20 mg. (5 mg./kg.) RP 3697 intraventricularly the nerve-muscle response began 
to decrease after 2 min. and almost completely disappeared in about 8 min. The 
disappearance of the knee-jerk was due to the peripheral blocking action of the drug 
overcoming the central stimulating action. The failure of respiration which often 
occurred was alsc presumably due to the peripheral blocking action. 
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The effects of intraventricular injection of RP 3697 on blood pressure were 
variable. In the absence of asphyxia little if any change generally occurred. 


Action of tetramethylammonium 


Injections of TMA in divided doses totalling less than 10 mg. (about 3 mg./kg.), 
either by the intraventricular or the intrathecal route, had no effect on the reflexes, 
the blood pressure, or the respiration. , In doses of 10 mg. or more, injected intra- 
ventricularly or intrathecally, TMA depresses the reflexes by a central action. No 
initial central stimulating action was ever noted. 


__ Intraventricular injection (Fig. 5)—When 10 mg. was injected in a single dose 
intraventricularly, the knee-jerk and the flexor reflex were gradually depressed ; the 





Fic. 5.—Cat, chloralose. Records from above downwards are: (K.J.) knee-jerk (right side); 
(Flex) flexor reflex (left side); carotid blood pressure; respiration; time in 5 sec. At the 
arrow, 10 mg. tetramethylammonium iodide injected intraventricularly. 


blood pressure showed an initial rise (from 150 to 200 mm. Hg) followed immediately 
by a fairly rapid fall to 80 mm. Hg; it remained at this low level for the rest of the 
experiment. Respiration showed a “triple response ” : an initial phase of increase 
in rate and amplitude, followed immediately (during the period of decline of the 
blood pressure) by a second phase of increased rate but of diminished amplitude ; 
in the third phase, which coincided with the period of maintained low blocd pressure, 
breathing was slow in rate but increased in amplitude. 


Intrathecal injection.—Fig. 6 illustrates an experiment in which TMA was injected 
intrathecally. When a dose of 10 mg. was injected (Fig. 6A) the knee-jerk was 
unaffected for about 2.5 min. and then rapidly declined. The responses of the 
gastrocnemius muscle to stimulation of its motor nerve were hardly affected, indicat- 
ing that the decline of the knee-jerk was due to direct depression by the drug of 
spinal neurones. After a second 10 mg. dose of TMA (not shown in the Fig.) the 

















RP 3565 AND RP 3697 ON C.N.S. 9 


blood pressure tended to fall further very gradually, and the respiration showed the 
“triple ” response previously described, but to a less extent. Stimulation of the 
sciatic nerve and patellar tendon was resumed and a third dose of 10 mg. TMA was 
injected (Fig. 6B). The responses of the gastrocnemius muscle were not affected, 
but the knee-jerk remained absent. 





FiG. 6.—Cat, chloralose. Records from above downwards are: (K.J.) knee-jerk (right side); 
(N.M.) contraction of gastrocnemius (left side) stimulated through its motor nerve; carotid 
blood pressure; respiration; time in 5 sec.; signal line. (A) At the first arrow, 0.5 c.c. saline 
injected intrathecally. At the second arrow, 10 mg. tetramethylammonium iodide injected 
intrathecally. (B) Recorded after an interval of 80 min. rest (no stimulation), during which a 
dose of 10 mg. tetramethylammonium iodide was injected intrathecally. At arrow, 10 mg. 
tetramethylammonium iodide injected intrathecally. At Tr a few drops of c.s.f. allowed to 
escape to restore its normal pressure. 


The limited number of experiments performed suggested that the central depres- 
sion of the spinal reflexes occurred more readily after intrathecal than after supra- 
spinal injection of the drug. 


Action of tetraethylammonium 


Intravenous injection.—Repeated intravenous injections of tetraethylammonium 
iodide (TEA) in doses of 10 mg. had no effect on the reflexes until the total dose 
was 100 mg. (about 30 mg./kg.). 

Fig. 7 illustrates an experiment in which 100 mg. TEA was intravenously injected 
in a single dose ; within 70 sec. the knee-jerk was abolished, but at the same time 
the flexor reflex was potentiated. In view of this result and the feeble neuromuscular 
blocking action of TEA the abolition of the knee-jerk must be attributed to a 
central and not to a peripheral effect of the drug. The blood pressure fell gradually 
and remained at a low level. 
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Fic. 7.—Cat, chloralose, artificial respiration. Records from above downwards are: (K.J.) knee- 
jerk (right side); (Flex) flexor reflex (left side); carotid blood pressure; time in 5 sec. The 
drum accelerated and two reflex responses of the quadriceps and tibialis anticus muscles recorded : 
slow speed of drum restored. At the arrow, 100 mg. tetraethylammonium iodide injected 
intravenously. Drum accelerated and one response of the tibialis anticus muscle recorded. 


Intrathecal injection Repeated injections of 10 mg. TEA up to a total of 100 mg. 
had no effect on any system. 

Fig. 8A illustrates a representative experiment in which 100 mg. TEA was 
intrathecally injected in a single dose. The flexor reflex showed no change ; the 
knee-jerk, however, was profoundly modified. There was a momentary enhance- 
ment of the knee-jerk immediately followed by a marked increase in quadriceps 
extensor tone. Moreover, the crossed extensor reflex which had previously been 
absent made its appearance. The phase of relaxation of the knee-jerk was pro- 
longed, indicating increased after-discharge. The changes in the knee-jerk and the 
appearance of the crossed extensor reflex must be attributed to stimulation of the 
spinal nerve centres by the drug. 

In the experiment illustrated by Fig. 8B, immediately after the intrathecal injec- 
tion of 100 mg. TEA, there was an initial transient tonic spasm of central origin, 
followed by a second more gradually developing central tonic spasm which reached 
its maximum in about 2 min.; it then gradually and irregularly declined to 
a lower level at which minor undulations of tone were observed. The flexor reflex 
showed no change. These experiments demonstrate that TEA directly enhances the 
excitability of the spinal cord, affecting mainly the monosynaptic reflexes responsible 
for the knee-jerk and muscle tone. 

The effects produced by intrathecal injections of TEA were compared with those 
of intravenous injections. At the beginning of the experiment, the knee-jerk was 
almost absent and the flexor reflex was present, but feeble. After an intrathecal 
injection of 100 mg. TEA the knee-jerk gradually increased in amplitude and was 
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FiG. 8.—Cat, chloralose, artificial respiration. Records from above downwards are: (K.J.) knee- 
jerk (right side); (Flex) flexor reflex (left side); carotid blood pressure; time in 5 sec.; signal 
line. (A) Drum accelerated and one response of the quadriceps and tibialis anticus muscles 
recorded. Slow speed of drum recorded. At arrow, 100 mg. tetraethylammonium iodide 
injected intrathecally. (B) Another similar preparation. At the arrow, 100 mg. tetraethyl- 
ammonium iodide injected intrathecally. At Tr a few drops of c.s.f. allowed to escape to 
restore its normal pres: : re. 


accompanied by vigorous and very rapidly repeated clonic spasm of central origin. 
The flexor reflex, on the contrary, gradually weakened and finally disappeared. On 
intravenous injection of a similar 100 mg. dose of TEA the spontaneous movements 
were markedly depressed, but, strangely enough, the flexor reflex reappeared. 
DISCUSSION 

RP 3565.—The central excitatory action of RP 3565 resembles that of d-tubo- 
curarine in several respects. The spinal reflexes are more effectively stimulated 
by supraspinal than by intrathecal injection of the drug, suggesting that like tubo- 
curarine it acts preferentially on supraspinal facilitatory neurones ; there is, however, 
a direct excitatory action on spinal neurones also. The drug (like tubocurarine) 
directly stimulates the vasomotor centre, but (unlike tubocurarine) it does not stimu- 
late the respiratory centre. Quantitatively the central action (using intraventricular 
injections) is about one-tenth that of tubocurarine. Unlike tubocurarine, RP 3565 is 
rapidly absorbed from the cerebrospinal fluid (both spinal and cerebral), so that 
when it is injected into this fluid peripheral paralysis occurs which tends to mask 
the central excitatory action. 

A careful comparison of the effects of intraventricular injection with and with- 
out hind-limb ischaemia and of intravenous injection has shown that the drug is 
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readily fixed or destroyed by the tissues and more especially by the elements of the 
central nervous system. 

The fall of blood pressure and failure of respiration observed when the drug is 
administered intravenously are probably due to a peripheral action. 

Both RP 3565 and tubocurarine are bis-onium compounds in which the 
quaternary ammonium groups are separated by 10-11 C atoms. As RP 3565 is so 
much weaker in its central excitant action than tubocurarine it may be concluded 
that in contrast to the peripheral blocking action the central excitatory action is not 
directly related to the number of atoms which separate the quaternary ammonium 
groups. Neither RP 3565 nor tubocurarine has any significant anticholinesterase 
action ; their central actions cannot, therefore, be attributed to the preservation of 
naturally formed acetylcholine. Both RP 3565 and tubocurarine release histamine, 
but histamine depresses spinal cord reflexes (Schweitzer and Wright, 1937a). 


RP 3697.—Injected intraventricularly, this substance has only a slight central 
excitatory action. RP 3697 is a tris-onium compound, unlike RP 3565 and tubo- 
curarine, which are bis-onium compounds. RP 3697, however, resembles tubo- 
curarine very closely in the way it produces its peripheral blocking action. It has no 
anticholinesterase action. . 

RP 3565 and RP 3697, like tubocurarine, calabash curare, and curine dimethyl 
ether dimethiodide, are drugs that produce neuromuscular block but have a central 
excitant action. These findings suggest that, though the motor endplate may be the 
paradigm ” of a central synapse, transmission at the motor endplate and excitatory 
transmission at central synapses must differ in important respects. 


Tetramethylammonium (TMA).—TMaA,, like nicotine, has an initial stimulating 
action on autonomic ganglia. Its central action is to produce a weak depression of 
spinal reflexes without preliminary stimulation, whatever the route of administration. 
Qualitatively, this action resembles that of nicotine, but is much weaker. A dose 
of 10 mg. TMA intraventricularly produces a degree of central depression, judged by 
the decline of the knee-jerk, equivalent to that of 0.1 mg. nicotine intravenously 
(Schweitzer and Wright, 1938b). The action of a drug on autonomic ganglia is 
clearly no guide even to the direction of its action on central neurones. 


Tetraethylammonium (TEA).—TEA resembles tubocurarine in producing gang- 
lionic block, but differs from it in having a feeble peripheral neuromuscular block- 
ing action. The central action of TEA is likewise feeble and is only shown by 
doses of 100 mg. or more (tubocurarine has striking central actions in doses of 0.4 
mg. when applied directly to the neuraxis). When 100 mg. TEA is injected intra- 
thecally, the main effect is to increase the excitability of the spinal extensor neurones. 
TEA, however (unlike tubocurarine), is not a pure central excitant ; it also displays 
a central inhibitory action. There are significant differences between the central 
effects of intravenous and intrathecal injection. When the drug is injected intra- 
thecally the extensor reflexes are potentiated by a central action ; the flexor reflex 
is unaffected. When the drug is injected intravenously the flexor reflex is poten- 
tiated by a central action, while the knee-jerk is depressed. Similar differences have 
been noted with eserine (Calma and Wright, 1947 ; Wikler. 1945 ; Biilbring and Burn, 
1941). With TEA there is the further complication that it may also directly stimulate 
nerve fibres (Cowan and Walter, 1937). 





Nate LET 





is in. 9 FO 


bids alin ye 








RP 3565 AND RP 3697 ON C.N.S. 13 


SUMMARY 


1. The actions on the central nervous system of the cat under chloralose anaes- 
thesia of the neuromuscular blocking agents RP 3565 and RP 3697 (Flaxedil) and of 
tetramethylammonium and tetraethylammonium are described. The drugs were 
administered by the intraventricular, intracisternal, intrathecal, and intravenous 
routes. 

2. RP 3565 when injected intraventricularly in doses of 1.5 mg./kg. or over has 
a central excitant action on somatic neurones resembling qualitatively that of 
d-tubocurarine, but about 10—20 times as weak. The drug stimulates both the supra- 
spinal and spinal neurones. It directly stimulates the vasomotor centre, but not the 
respiratory centre. 

3. RP 3697 has only a weak central excitant action ; its main effect when injected 
intraventricularly in doses of 0.5 mg./kg. or over is to produce spontaneous move- 
ments in the forepart of the animal. 

4. Both RP 3565 and RP 3697 are rapidly absorbed from the cerebrospinal fluid, 
both cerebral and spinal, into the circulation. The peripheral paralysing action thus 
produced partially or wholly masks the central excitant action. 

5. RP 3565 and RP 3697, like tubocurarine, calabash curare, and curine dimethyl 
ether dimethiodide, are drugs that produce neuromuscular block but have a central 
excitant action. These findings suggest that, though the motor endplate may be the 
“ paradigm ” of a synapse, transmission at the motor endplate and excitatory trans- 
mission at central synapses must differ in significant respects. 

6. Tetramethylammonium has a central depressant action qualitatively similar 
to that of nicotine but about 100 times as weak. Tetramethylammonium and tubo- 
curarine show that the direction of the action of a drug on autonomic ganglia may 
be the reverse of that on central synapses. 

7. Tetraethylammonium in doses of 30 mg./kg. is predominantly a central 
excitant, though its action on autonomic ganglia is depressant. The central actions 
of tetraethylammonium are complex, the detailed findings depending on the route 
of administration and on the reflex under examination. 


We are indebted to Dr. C. A. Keele for critical advice. 


e 
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INFLUENCE OF VARIOUS DRUGS ON THE ACTION 
OF CURAXE ON THE CENTRAL NERVOUS 
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In previous papers (Salama and Wright, 1950, 1951, 1952) the central effects of 
various curariform substances were described. In continuation of this work the 
effects of the following substances on the central action of d-tubocurarine and 
calabash curare were studied : (i) acetylcholine ; (ii) atropine ; (iii) neostigmine ; (iv) 
eserine (sulphate) ; (v) hexaethyltetraphosphate ; (vi) nicotine ; (vii) lobeline ; (viti) 
tetramethylammonium iodide ; (ix) potassium chloride. The drugs affected the 
central action of both curare preparations in a similar manner. 

In addition, the effects of very large doses of d-tubocurarine were further 
examined. 


METHODS 


The methods employed were described in detail in the preceding paper (Salama and 
Wright, 1952). 


RESULTS 


Acetylcholine.—Acetylcholine injected by the intrathecal, intraventricular, or 
intravenous route inhibited convulsions set up by a previous injection of 
d-tubocurarine or calabash curare. The degree of inhibition produced depended on 
the amount of curare administered, the vigour of the convulsions, and the dose of 
acetylcholine employed. When the convulsions were very vigorous small doses of 
acetylcholine had little inhibitory effect, but larger doses of acetylcholine greatly 
depressed and sometimes completely abolished the convulsions. 

Fig. 1 illustrates an experiment in an animal made spinal by tying a tight liga- 
ture round the meninges and spinal cord at the level of T 6. Previous intrathecal 
injection of 0.8 mg. (0.2 mg./kg.) calabash curare below the level of the block 
had produced violent rapid convulsions in the hind-limb muscles. Injection of 10 
mg. (2.5 mg./kg.) acetylcholine intrathecally below the block produced an immediate 
slowing of the frequency of the convulsions with less change in their magnitude. 
There was a transient fall of blood pressure from 100 to 70 mm. Hg and little 
change in the respiratory record. The inhibitory effect was brief, and after 2.5 min. 
the convulsions returned to their initial frequency and then progressively increased 











° The main results were reported by S. Salama to the Physiological Socizty (January, 1949) and 
were incorporated in a Ph.D. thesis which was accepted by the University of London. 
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in vigour. A second injection of 10 mg. acetylcholine was given intrathecally. There 
was the same transient fall of blood pressure and again the respiratory record was 
unaffected, but on this occasion the convulsions were completely abolished ; the 
quadriceps record showed only tiny knee-jerk responses which were far smaller ° 
than those obtained before the injection of the curare. 





Acetylcholine. Acetylcholine. 
Intrathecal. Intrathecal. 





Fic. 1.—Cat, 4 kg., chloralose; spinal cord completely blocked by tight ligature at T6. Records 
from above downwards are: knee-jerk; carotid blood pressure; respiration; time in 5 sec.; 
signal line. A previous injection of 0.8 mg. calabash curare made intrathecally below the spinal 
block had produced violent convulsions. At the first arrow, 10 mg. acetylcholine injected 
intrathecally below the spinal block. After 1.6 min. drum accelerated for 25 sec. (F). Return 
to slow drum. After 3 min., at the second arrow, 10 mg. acetylcholine injected intrathecally 
below the spinal block, and the drum immediately accelerated. At Tr, a few drops of c.s.f. 
were allowed to escape to restore its normal pressure. 


There can be little doubt that the anticonvulsive action of acetylcholine described 
above is due ' direct action on the spinal neurones. It is independent of changes 
in the blood p:-ssure or respiration. It is well known that large doses of acetyl- 
choline injected intravenously produce peripheral neuromuscular block, but in the 
experiments just described it is most improbable that significant amounts of acetyl- 
choline were absorbed from the cerebrospinal fluid into the circulation. As atropine 
was not administered a profound fall of blood pressure would have taken place if 
such absorption had occurred. Furthermore, the respiratory muscles would have 
been affected by the blocking action ; but Fig. | shows that when the convulsions 
were abolished the respiratory movements were almost unaltered. Lastly, it should 
again be emphasized that the decrease in frequency of the convulsions without 
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change in amplitude that may be produced by acetylcholine (Fig. 1) cannot be 
brought abou. y a peripheral blocking action. 

Acetylcholine injected intraventricularly can also abolish curare convulsions. 
The anticonvulsive action of acetylcholine is partially annulled by atropine. 

The central effect of injected acetylcholine may be excitatory or inhibitory 
according to the dose, the route of administration, and the exact experimental con- 
ditions (Feldberg, 1945, 1950). When injected intravenously into the cat under 
chloralose it generally depresses the reflexes and inhibits strychnine convulsions. 
Occasionally with small doses under these conditions there is an initial stimulating 
effect (Schweitzer and Wright, 1937b, c). Kremer (1942) injected acetylcholine in 
man intrathecally in doses of 2-500 mg. without result ; but when the drug was 
administered together with subliminal doses of neostigmine it depressed muscle 
tone and reflexes by a central action. 

Biilbring and Burn (1941), working on the isolated perfused spinal cord, obtained 
with acetylcholine a motor discharge from the resting spinal cord ; the knee-jerk 
showed a transient depression followed by stimulation, but the flexor reflex was 
potentiated. Calma and Wright (1944), using the decerebrate cat, injected acetyl- 
choline intra-arterially into the central end of the subclavian artery and found that 
it produced a discharge from the spinal motor neurones. 

Atropine.—Atropine has a mild inhibitory effect on spinal cord excitability, and 
partially or wholly annuls both the central excitatory and the central depressant 
action of acetylcholine (Schweitzer and Wright, 1937b ; Calma and Wright, 1944). 
We found that atropine diminishes the central excitatory action of tubocurarine. 

In a representative experiment in which 0.4 mg. (0.16 mg./kg.) d-tubocurarine was 
intraventricularly injected the usual effects appeared ; the knee-jerk and the pre- 
viously very weak flexor reflex were immediately enhanced ; the tone of both flexors 
and extensors increased ; the crossed extensor reflex appeared ; the flexor reflex and 
the knee-jerk showed considerable after-discharge ; and “ spontaneous ” movements 
set in. Previous experience indicated that violent convulsions were about to develop. 
Injection of 1 mg. (0.37 mg./kg.) atropine intraventricularly at this stage depressed, 
after a delay of about 3 min., the mounting state of hyperexcitability and finally 
abolished the “ spontaneous ” movements as well as the increase in tone and the 
after-discharge. The enhanced knee-jerk and flexor reflex, however, were only 
slightly depressed. 

Six minutes later the hyperexcitability induced by tubocurarine began to return ; 
the depressant effect of the atropine was thus transient. Moreover, the anti- 
convulsive effects of acetylcholine are smaller in the atropinized than in the ur- 
atropinized preparation. 

Neostigmine.—Neostigmine inhibited curare convulsions when injected intra- 
thecally or intraventricularly ; this antagonistic action is indistinguishable from that 
produced by acetylcholine. The minimum dose of prostigmine which inhibited the 
convulsions was usually about 0.5 mg. (0.15 mg./kg.). 

Fig. 2 illustrates an experiment in which d-tubocurarine had been injected intra- 
cisternally in an unatropinized animal and had produced violent convulsions. Injec- 
tion of 0.5 mg. neostigmine intracisternally immediately produced marked inhibition 
which was, however, very brief, the convulsions soon reappearing with their full 
previous violence. 
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Minutes. 


Fic. 2. Fic. 3. 





FiG. 2.—Cat, 3.5 kg., chloralose. Records from above downwards are: knee-jerk (right side); 
respiration; carotid blood pressure; signal line; time in min. Seventeen minutes before the 
start of the record, 0.4 mg. d-tubocurarine had been injected intracisternally and violent con- 
vulsions had been set up. At first and second arrows 0.5 mg. neostigmine in 0.5 c.c. saline 
injected intracisternally. 


Fic. 3.—Cat, chloralose. Records from above downwards are: knee-jerk (right side); respiration ; 
carotid blood pressure; time in min. Eighteen minutes before the start of the record, 0.4 mg. 
d-tubocurarine had been injected intrathecally. At arrow, 0.5 mg. neostigmine injected intra- 
thecally 


Fig. 3 illustrates an experiment in which an intrathecal injection of 0.4 mg. 
d-tubocurarine in the unatropinized animal had produced violent rapid convulsions. 
Injection of 0.5 mg. neostigmine intrathecally rapidly abolished the convulsions ; 
the knee-jerk, however, remained enhanced and showed an appended shortening 
reaction. 

The anticonvulsive action of neostigmine was partially annulled by atropine. 
There was no relationship between the blood pressure changes produced by neo- 
stigmine and its action on spinal cord excitability. Thus Fig. 2 shows that both the 
first transient inhibition of the curare convulsions by neostigmine and their subse- 
quent rapid return occurred while only minor alterations in the blood pressure were 
taking place. In Fig. 3 the inhibition of the convulsions began during the rapid rise 
of blood pressure produced by neostigmine ; it became complete when the pressure 
had almost returned to its initial value. 


B 
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When neostigmine was injected intraventricularly in the atropinized animal under 
artificial respiration it likewise inhibited curare convulsions and reflex spinal 
excitability, but no change in the blood pressure occurred. 

Schweitzer and Wright (1937c) demonstrated that intravenously injected neo- 
stigmine in cats under chloralose depressed spinal cord excitability and abolished 
strychnine convulsions. Kremer, Pearson, and Wright (1937) and Kremer (1942) 
found that intrathecally injected neostigmine in man likewise diminished muscle 
tone and the strength of voluntary movements by a direct action on the spinal cord. 
Calma (1949), however, found that in the cat intrathecally injected neostigmine stimu- 
lated spinal cord excitability. 


Eserine.—Eserine (sulphate) antagonizes the central excitatory action of curare. 
Fig. 4A illustrates an experiment in which the usual violent convulsions had appeared 
after the intrathecal injection of 0.8 mg. (0.2 mg./kg.) d-tubocurarine ; 0.4 mg. (0.1 
mg./kg.) of eserine (sulphate) was then injected and inhibited the convulsions. The 
effect was transient ; after one minute the convulsions reappeared. A further dose 
of 0.4 mg. eserine (sulphate) frequently produced a “ triple effect ” (Fig. 4B). There 
was an initial depression of the convulsions followed by a brief excitation and then 
the convulsions and the other reflexes were abolished. The hyperexcitable state of 
the spinal cord, however, could be restored by a further injection of curare, and could 
again be inhibited by a further dose of eserine. The inhibitory effect of eserine 
was independent of the changes in the blood pressure or respiration. 
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Fic. 4.—Cat, 4 kg., chloralose. Records from above downwards are: knee-jerk; pupillary size; 
time in 30 sec. Before the start of the record 0.8 mg. d-tubocurarine had been injected intra- 
thecally. When the usual violent convulsions had appeared recording was begun. (A) At the 
arrow, 0.4 mg. eserine (sulphate) injected intrathecally. The pupils were widely dilated during 
the convulsions. (B) Taken after an interval of 5 min. At the arrow, 0.4 mg. eserine (sulphate) 
injected intrathecally. 
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The results described above were unexpected, because eserine (sulphate) excites 
the central nervous system in the intact cat under chloralose anaesthesia, and may 
itself produce violent convulsions (Schweitzer and Wright, 1937b, c). 
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Hexaethyltetraphosphate (HETP).—Chennells, Floyd, and Wright (1949) found 
that HETP (which is an anticholinesterase) produces, when injected intrathecally in 
the cat, hyper-reflexia and violent convulsions. The main action of HETP on curare 
convulsions is to abolish them temporarily, but subsequently the convulsions may 
return with greater vigour. 

In a representative experiment convulsions were first induced by the injection of 
0.4 mg. d-tubocurarine intraventricularly ; they were almost unaffected by a subse- 
quent intravenous injection of | mg. atropine ; 0.25 mg. HETP was then injected 
intraventricularly. There was an immediate decrease in the frequency and vigour of 
the convulsive movements. There was only a small coincident rise of blood pressure, 
indicating once more the independence of reflex spinal excitability of the changes in 
blood pressure. This effect lasted only for about 2 min.; the convulsions then 
rapidly increased in frequency and vigour to the pre-injection level. An injection of 
0.5 mg. (0.15 mg./kg.) HETP was now made intraventricularly ; the convulsions 
were immediately arrested for 2 min., during which time only weak responses 
of the knee-jerk and the flexor reflex were recorded. A marked rise of blood 
pressure, i.e., from 80 to 210 mm. Hg, was produced by this larger dose of HETP. 
The convulsions then progressively returned and gained in strength and frequency ; 
ultimately they becaine much more frequent and more violent than before the injec- 
tion of HETP. This experiment also illustrates that HETP can produce its anti- 
convulsive effect in the atropinized animal. 

These results were unexpected because as already mentioned when HETP is 
injected intrathecally it produces hyper-reflexia and violent convulsions. 


Nicotine.—Schweitzer and Wright (1938) found that intravenously injected 
nicotine even in doses of 5 pg. (about 1.5 »g. per kg.) exerted a depressant action on 
the spinal reflexes in the cat, without any initial central excitation. They also found 
that nicotine exerted an antistrychnine action. 

In the experiments to be described the central effects produced by intraventricular 
injection of nicotine were investigated as well as the possible central antagonism 
between nicotine and curare. 





Spinal reflexes.—Intraventricular injection of 0.25 and 0.5 mg. nicotine produced 
no significant diminution of the knee-jerk or the flexor reflex. 


Blood pressure.—I\njection of 0.25 mg. of nicotine produced a slight transient fall 
of blood pressure similar to that produced by an equal volume of saline. When 0.5 
mg. was injected there was in addition a second gradual and considerable fall of 
blood pressure (e.g., from 160 to 110 mm. Hg), accompanied by bradycardia. 
The blood pressure gradually recovered to its initial level. 


Pupils —Complex effects were produced on injection of 0.25 mg. The pupils 
gradually constricted and the nictitating membrane relaxed ; ultimately the pupils 
were slit-like and the nictitating membrane covered the sclera up to the margin of 
the iris. After a subsequent injection of 0.5 mg. nicotine, tne pupils first dilated 
and then gradually constricted cnce more. 


Central nicotine-curare antagonism.—A dose of nicotine injected intraven- 
tricularly which itself produced negligible effects on the spinal reflexes delayed for a 
long time, and partially annulled, the central excitatory effects of subsequently injected 
d-tubocurarine, both on the motor neurones and on the vasomotor centre. Thus in 
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one experiment 0.5 mg. nicotine was injected intraventricularly ; 5 min. later 0.6 mg. 
d-tubocurarine was injected intraventricularly. After 6 min. there was only a slight 
increase in the knee-jerk ; after 15 min. only mild convulsions had appeared. The 
flexor reflex was unaltered. The rise of blood pressure was delayed in onset and 
small in extent. 

In another experiment the drugs were injected in the reverse order: 0.6 mg. 
d-tubocurarine was first injected intraventricularly ; convulsions appeared after 
3 min. and there was a considerable rise of blood pressure ; 6.5 min. later 1 mg. 
(0.4 mg./kg.) nicotine hydrochloride was injected intraventricularly ; there was a 
temporary fall of the blood pressure from 260 to 200 mm. Hg, but it soon returned 
to its previous high level. The convulsions were not depressed but progressively 
increased in violence. 

It thus seems that the anticonvulsant action of nicotine can only be demonstrated 
when its injection precedes that of curare. One may suppose that once the nicotine 
has become fixed to the nerve cells it can only be replaced with difficulty by curare ; 
but if curare is injected fi.'. subsequently administered nicotine can neither replace 
nor neutralize it. 


Lobeline.—Intraventricular injection of 0.2 mg. (0.07 mg./kg.) lobeline hydro- 
chloride produced a gradual but considerable fall of blood pressure from 160 to 70 
mm. Hg, associated with a slight depression of the spinal reflexes examined (flexor 
reflex, crossed extensor reflex, jar reflex, and knee-jerk). 

The depression of the reflexes cannot be attribuied to the circulatory changes. 
Schweitzer and Wright (1937a) found that a fall of blood pressure depressed the 
knee-jerk only when it was acute and very severe ; a fall of blood pressure even down 
to 40-50 mm. Hg did not usually modify the knee-jerk, or, if it did, it enhanced it. 
The depression of the reflexes produced by lobeline is, therefore, due to a direct 
action on the central nervous system. 

Lobeline, like nicotine, delays and diminishes the central excitatory effects of 
subsequently injected curare. Unlike nicotine, however, lobeline can also annul 
the convulsions induced by a preceding injection of curare. 

When 0.5 mg. d-tubocurarine was injected intraventricularly after two previous 
injections of 0.2 mg. (0.07 mg./kg.) lobeline, it produced its usual effects, but they 
appeared after a longer latent period. Thus the rise of blood pressure and the con- 
vulsive movements were delayed both in onset and in rate of development. Ulti- 
mately, however, the convulsions became violent and rapid. 

When a further 0.5 mg. (0.17 mg./kg.) lobeline was injected (Fig. 5A) the curare 
convulsions were at once markedly diminished in frequency and amplitude ; this 
inhibition set in before the blood pressure had significantly altered. The blood 
pressure gradually fell from 130 mm. to a minimum level of 30 mm.; at this stage 
the convulsions completely ceased and only a reduced knee-jerk persisted. Probably 
this secondary phase of inhibition was only partly attributable to the fall of blood 
pressure, as the flexor reflex was not affected. Moreover, the convulsions began to 
return while the blood pressure was still at a low level (Fig. 5B, C). 


Tetramethylammonium (TMA).—We have shown (Salama and Wright, 1952) 
that intraventricularly injected TMA has a central depressant action. The 


experiments to be described show that it also antagonizes the convulsant action of 
curare. 
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FiG. 5.—Cat, 3 kg., chloralose. Records from above downwards are: knee-jerk (right side) ; flexor 
reflex (left side); carotid blood pressure; time in 5 sec. (A) Before the record began the animal 
had received two intraventricular injections of 0.2 mg. lobeline HCI. Subsequent injection of 
0.5 mg. d-tubocurarine intraventricularly had ultimately produced violent convulsions. At the 
arrow, 0.5 mg. lobeline hydrochloride injected intraventricularly. (B) Taken 3 min. after A. 
(C) Taken 12 min. after B. 


Fig. 6 illustrates an experiment in which the usual convulsive state was produced 
by an intraventricular injection of 0.4 mg. d-tubocurarine. Injection of 10 mg. (4.1 
mg./kg.) of TMA intraventricularly immediately inhibited the spontaneous move- 
ments of both flexors and extensors ; a little later the knee-jerk and flexor reflex 
were depressed and finally abolished for a long time (up to 45 min.). During this 
period of inhibition intraventricular injection of small doses of d-tubocurarine failed 
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Fic. 6.—Cat, 2.4 kg., chloralose. Records from above downwards are: knee-jerk (right side): 
flexor reflex (left side); time in 30 sec. (A) At the arrow, 0.4 mg. of d-tubocurarine intra- 
ventricularly. (B) At the arrow, 10 mg. of tetramethylammonium iodide (TMA) injected intra- 
ventricularly. 
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to restore normal spinal excitability. The inhibitory action of TMA on the con- 
vulsions and reflexes is due to a central effect, since the responses of the gastro- 
cnemius muscle stimulated through its motor nerve were not affected. 

Potassium chloride——Intraventricularly injected potassium chloride annuls 
by a central action the central excitatory action of d-tubocurarine. 

Fig. 7A illustrates an experiment in which 0.4 mg. d-tubocurarine had been 
injected intraventricularly ; when marked hyperexcitability had developed 0.4 mg. 
KCI (0.16 mg./kg.) was injected intraventricularly. It immediately decreased and 
then almost abolished the “spontaneous” movements in the extensor and flexor 
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Fic. 7.—Cat, 2.4 kg., chloralose. Records from above downwards are: knee-jerk (right side); 
flexor reflex (left side); time in 30 sec. Before the start of the record 0.4 mg. d-tubocurarine 
had been injected intraventricularly and had produced central hyperexcitability. (A) At the 
arrow, 0.4 mg. KCl injected intraventricularly. Interval of 15 min. between A and B. (B) At 
the arrow, 0.6 mg. KCI injected intraventricularly. 





muscles. Later the knee-jerk was slightly inhibited, but the flexor reflex remained 
unaffected. The central depression lasted only 4 min., after which spinal hyper- 
excitability gradually returned. When a larger dose, i.e., 0.6 mg. (0.25 mg./kg.) KCl 
was injected against a background of more violent curare convulsions (Fig. 7B), the 
‘* spontaneous ” movements soon disappeared, and the knee-jerk was also very much 
diminished. The flexor reflex was slightly increased. The abolition of the convul- 
sions lasted 15 min. In other experiments intraventricular injection of KCI also 
abolished curare convulsions affecting the flexor muscles. 

Potassium ions annul the blocking action of curare at the motor endplates 
(Wilson and Wright, 1936); they stimulate autonomic ganglion cells after trans- 
mission at the synapses has been blocked by curarine (Brown and Feldberg, 1936). 
The experiments described above show that potassium ions annul the curare-induced 
hyperexcitability of the central nervous system. The effects of potassium ions on the 
nervous system have been described by Mullins et al. (1938), Resnik et al. (1936), 
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Downman and Mackenzie (1943), and Walker et al. (1945). Calma and Wright 
(1947) found that intrathecally injected KCl regularly depressed the flexor reflex, 
had variable effects on the knee-jerk, and regularly produced dilatation of the pupils, 
a rise of blood pressure, changes in the rate and rhythm of the heart, and alterations 
in breathing. Application of an isotonic KCI solution to the “ isolated posterior 
nerve root preparation ” reproduced all the above-mentioned changes except for the 
modification of the spinal reflexes. They concluded that externally applied potas- 
sium ions specifically stimulated the afferent fibres in the posterior roots concerned 
with visceral reflexes, but affected less, if at all, the afferents concerned with somatic 
reflexes. They suggested that when KCl is injected intracisternally, in addition to 
its direct action on the medullary centres, it stimulated nerves which may contribute 
to the production of the modifications in the visceral, but not the somatic reflexes. 


Large doses of curare.—Large doses of curare depress somatic nervous reflexes. 
In a representative experiment, 0.4 mg. d-tubocurarine (0.13 mg./kg.) injected intra- 
ventricularly produced the usual hyper-reflexia. A large dose (4 mg.) of d-tubo- 
curarine (1.3 mg./kg.) was then injected. Within 2 min. both the convulsions 
and the knee-jerk were markedly depressed. The response of the nerve-muscle 
preparation was entirely unaffected, showing that none of the drug was absorbed into 
the circulation. Later in the experiment, after an interval of 40 min., small 
doses of d-tubocurarine produced no central excitation. (Previous experiments have 
shown that an initial dose of 0.4 mg. produced convulsions which maintain their 
vigour and frequency for periods of up to 90 min. or longer.) Similar depressant 
effects were obtained with large doses of calabash curare. 

It is a common experience that drugs which are convulsant in small doses are 
depressant in much larger doses. Such is the case, for example, with the convulsions 
induced by eserine (sulphate) in the cat under chloralose anaesthesia. 


DISCUSSION 


Little need be added to the comments which were appended to the description of 
the action of each drug studied. 

Acetylcholine and neostigmine, which antagonize strychnine convulsions, likewise 
antagonize curare convulsions. The central inhibitory action of both these drugs is 
partially annulled by atropine. Eserine (sulphate) and HETP, which are themselves 
convulsants, also annul curare convulsions ; with HETP the initial inhibition is 
followed by a secondary stimulation. Tetramethylammonium iodide, which is a 
central depressant, also annuls curare convulsions. Nicotine and lobeline, which are 
weak central depressants, annul curare convulsions, nicotine only acting if it is 
injected before administering curare. Potassium chloride annuls curare convulsions 
when it is injected intraventricularly, although it produces convulsions in the normal 
animal when it is injected intracisternally. 


SUMMARY 


1. The effects of intraventricular, intrathecal, and occasionally intravenous injec- 
tion of certain drugs on the central excitant action of curare (d-tubocurarine and 
calabash curare) in the cat under chloralose anaesthesia were examined. 


2. Atropine, which is a weak central depressant, diminishes the central excitatory 
action of curare. 
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3. Acetylcholine and neostigmine, which inhibit strychnine convulsions in the 
cat under chloralose, likewise antagonize curare convulsions. The central inhibitory 
action of both drugs is partially annulled by atropine. 

4. Eserine and HETP, both of which produce convulsions in the cat under 
chloralose, also annul curare convulsions. With HETP the initial inhibition is 
followed by a secondary stimulation. 


5. Tetramethylammonium, which is a central depressant, also annuls curare 
convulsions. 

6. Nicotine, which annuls strychnine convulsions, can delay or diminish the 
central excitatory effect of subsequently injected d-tubocurarine ; it is comparatively 
ineffective in annulling curare convulsions that have already been set up. 


7. The central actions of lobeline are described. It is a central depressant like 
nicotine or atropine. It not only delays or diminishes the central excitatory effect 
of subsequently injected curare but also annuls the convulsions induced by a 
preceding injection of curare. 


_8. Intraventricularly injected potassium chloride annuls curare convulsions. 


9. Large doses of curare injected intraventricularly depress somatic nervous 
reflexes by a central action. 
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THE EFFECTS OF SOME HUMORAL AGENTS 
ON THE HORSE ILEUM 


BY 
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From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received June 25, 1951) 


In 1940 Tanaka and Ohkuho observed a marked contraction in isolated strips 
of horse ileum after the addition of adrenaline to the bath. This observation was 
confirmed and the effects of acetylcholine, histamine, and posterior pituitary extract 
studied in a similar manner (Alexander, 1949). It was found that acetylcholine and 
histamine caused a marked rise in tone and increased the magnitude of the rhythmic 
contractions, whereas the posterior pituitary extract was without effect. In other 
experiments with isolated blood-perfused ileum, similar responses were evoked with 
acetylcholine and histamine, whereas adrenaline inhibited motility and posterior 
pituitary extract caused a small contraction (Alexander, 1949). The experiments 
described here were designed to determine the response of the ileum in the living 
animal to adrenaline, carbamylcholine, histamine, and posterior pituitary extract. 


METHODS 


Observations were made on three ponies with Biebl loops and one with a Thiry-Vella 
fistula. The surgical techniques involved in the preparation of Biebl and Thiry-Vella 
loops in the horse are described elsewhere (Alexander, 1951). 

Recordings of movement in the Biebl loop were made with the double tambour system 
described by Douglas and Mann (1941) and from the Thiry-Vella loop by a balloon and 
water manometer. 

Variations in the intestinal temperature were measured with two thermocouples and a 
galvanometer. The thermocouples were made from junctions of copper and eureka wire. 
The reference couple was placed in a vacuum flask containing water at about 37° C., 
along with a thermometer ; the second couple was stitched through the exteriorized 
intestine so that the junction lay in or against the mucosa. A calibration curve for the 
galvanometer was constructed by plotting measured temperature differences between the 
two thermocouples against the galvanometer deflection produced. Thus it was possible, 
by reading simultaneously the galvanometer deflection and the temperature of the 
reference couple, to determine the temperature of the couple in the intestinal mucosa. 

Aqueous solutions of adrenaline hydrochloride, carbamylcholine, histamine acid phos- 
phate, and posterior pituitary extract were injected intravenously. The doses given were 
the least which consistently produced a measurable response ; doubling this dose pro- 
duced a similar but more lasting effect (Table I). It was considered unfair to subject the 
animals to undue distress by further increase of dosage. The effect of each drug was 
tested at least four times on each pony. 
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TABLE |! 


The effects on intestinal movements and temperature of adrenaline, carbamylcholine, 
histamine, posterior pituitary extract, and isotonic saline 














Effect 
Drug Dose - a : 
Motility | Tone Temperature 
| 
Adrenaline “| 10 wg./kg. Inhibited Slight increase | Decreased 
Carbamylcholine | 20 pg./kg. Increased or made | Marked increase | Unaffected or 
irregular decreased 
Histamine - .. | 20 pg./kg. Decreased Marked increase | Decreased 
Posterior pituitary extract 0.5 units/kg. | Decreased Unchanged Decreased 


Isotonic saline... - 5 ml. Unchanged | Unchanged | Unchanged 


| 





RESULTS 
The contraction of the Biebl loop 

It was possible to distinguish two types of activity in this preparation, one charac- 
terized by regular rhythmic contractions, and the other by irregular strong slow 
contractions. The frequency of these rhythmic contractions was remarkably con- 
stant for an individual animal and varied very little from day to day. This is shown 
in Table II. The strong slow contractions were most frequently observed during 
the six hours following feeding. They became greatly reduced in magnitude and 
frequency after food was withheld for more than 24 hours. These different types 
of movement are shown in Fig. 1. 





Fic. 1.—(A) Motility in a Biebl loop one hour after feeding; the large slow contractions predominate. 
(B) The same animal 24 hours after feeding; the large slow contractions occur infrequently. 
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TABLE Il 
THE RHYTHMIC CONTRACTIONS OF THE HORSE ILEUM 




















___ Biebl loop | A Thiry-Vella 
| Pony | | Ponyil | Ponyl | loop 
Mean rate . | 10.234.0.49/min. | 12.64:0.95/min. | 10.540.51/min. | 8.1 0.69/min. 
Range... ~— | 9 toll/min. | 10to15/min. | 10toll/min. | 7to9/min. — 
Period of observation | 3 months | 3 months ¥ 2 months ~~ months 








Number of observations! 65 102 | 30 | 32 


| 


The’ contractions of the Thiry-Vella loop 


The contractions shown by this preparation were similar to the rhythmic con- 
tractions of the Biebl loop. Their regularity is shown in Table IJ. Fasting for 
periods of 24 and 48 hours did not change the type or frequency of 
contraction. When isotonic solutions of sodium chloride and sodium bicarbonate, 
sodium dihydrogen phosphate and disodium phosphate were introduced into the oral 
opening they were forcibly ejected from the other opening, whereas the recording 
balloon was not propelled through the loop. Changes in tone were not conspicuous. 





The effect of drugs on ileal motility 
Adrenaline.—Adrenaline inhibited motility in both Biebl and Thiry-Vella loops 
(Fig. 2). This agreed with observations on the perfused ileum. The characteristic 
sweating produced by this drug on the horse was always observed. 





Fic. 2.—The effect of adrenaline on the movements of (A) a Biebl and (B) a Thiry-Vella loop. 
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Fic. 3.—The effect of carbamylcholine on the motility of (A) a Biebl and (B) a Thiry-Vella loop. 





FiG. 4.—The effect of histamine on the motility of (A) a Biebl and (B) a Thiry-Vella loop. 
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Carbamylcholine.—In two ponies out of three with a Biebl loop carbamylcholine 
increased motility (Fig. 3). The third pony showed at different times increased and 
decreased motility. This different response can be explained by the recording tech- 
nique, which did not distinguish between a long sustained contraction and inhibition. 
Such an explanation was supported by the experiments on the Thiry-Vella loop, 
which responded to carbamylcholine with a long sustained contraction. Hence the 
effect of this drug on the ileum of the living horse was similar to that on isolated 
preparations. 

Histamine.—This drug appeared either to inhibit movements of the Biebl loop 
or to produce a long sustained contraction. However, as the Thiry-Vella loop 





Fic. 5.—The effect of posterior pituitary extract on (top) a Biebl loop and (middle and bottom) a 
Thiry-Vella loop. 
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showed a marked rise in tone it is probable that the lack of movement shown by 
the Biebl loop (Fig. 4) was due to a sustained contraction. The response of the 
ileum of the intact animal, therefore, appeared similar to that of the isolated ileum 
(Alexander, 1949). 

Immediately after the intravenous injection of histamine the animal showed a 
greatly increased respiratory rate, defaecation, and an increased secretion of tears 
and nasal mucus. The electrocardiograph showed an increased heart rate. 


Posterior pituitary extract——The injection of posterior pituitary extract was 
followed by inhibition in Biebl and Thiry-Vella loops (Fig. 5). This was unexpected 
in view of previous findings on the isolated strip and perfused ileum, when posterior 
pituitary extract had either no effect or caused a slight contraction (Alexander, 
1949). 

The recording balloon was not propelled through the Thiry-Vella loop by 
carbamylcholine, histamine, or posterior pituitary extract. 

Various explanations of this disparity were considered. Earlier work (Alexander, 
1949, 1950) had shown that the main factor influencing motility in the perfused ileum 
was the supply of oxygen. The possibility was therefore considered of the inhibitory 
effect of posterior pituitary extract being produced indirectly by the action of this 
drug on intestinal blood flow. 


The effect of drugs on the temperature of the ileum 


By observing the temperature of an exposed structure it is possible to infer 
whether the rate of blood flow has changed. This method, on account of its con- 
venience, was used to study variations in blood flow through the Biebl and Thiry- 
Vella loop after the intravenous injection of the four humoral agents. The results 
of these experiments are shown in Fig. 6. It was clear that the inhibition of motility 
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Fic. 6.—The effect of posterior pituitary extract, adrenaline, histamine, and carbamylcholine on the 
temperature of the intestine of the living horse. 
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after the intravenous injection of posterior pituitary extract was always accom- 
panied by a profound fall in ileal temperature, and, in the Thiry-Vella loop, pallor 
followed by cyanosis of the exposed “ cuff” of mucous membrane ; simultaneously 
there was a marked slowing of the heart rate. 

A fall in temperature always occurred after the injection of adrenaline, but the 
inhibition of motility preceded the fall by at least five minutes. This observation 
supported the agreement between the inhibitions produced by this drug in vitro and 
in vivo, thus showing adrenaline to have a direct effect on the ileum. 

The irregularity of the response in the intestinal temperature after the intravenous 
injection of carbamylcholine was particularly interesting. The two ponies with 
Biebl loops which responded to carbamylcholine with increased motility did not 
show any fall in intestinal temperature. The third pony, which occasionally dis- 
played an apparent inhibition of movement, showed, on these occasions, a fall in 
intestinal temperature. 

In all instances where temperature of the mucosal “cuff” of the Thiry-Vella 
loop fell, the mucous membrane became cyanotic. 


DISCUSSION 


Normal motility—The movements recorded from the Biebl loop in the horse 
were similar to those obtained from the Biebl loop in the dog (Castleton, 1934; 
Douglas and Mann, 1939). The records from the Thiry-Vella loop, however, showed 
only regular rhythmic contractions, but not the propulsive contractions exhibited by 
similar preparations in the dog (Krueger, Lampe, and Reid, 1936). Further, there 
seemed no tendency for the balloon to traverse the loop; this agreed with the 
observations on the isolated perfused ileum, where only about one loop in four 
showed rapid propulsion (Alexander, 1950). These findings suggest that the large 
slow contractions shown by the Biebl loop might be associated with the propulsion 
of digesta through the ileum. 


The effect of drugs.—The effect of adrenaline on the ileum was essentially the 
same in the living animal as on isolated tissues (Alexander, 1949). The inhibitory 
effect of this drug preceded by at least five minutes any reduction of intestinal 
temperature, and showed that its effect was produced directly on the ileum. 

Carbamylcholine usually increased the motility of Biebl loops, and the marked 
rise in tone produced by this substance would account for the apparent inhibition 
which was occasionally recorded. It was, however, of some note that on the 
occasions where an inhibitory effect was recorded there was an associated fall in 
intestinal temperature. 

The effects of histamine on the preparations of horse ileum in vivo and in vitro 
were not difficult to reconcile. The apparent inhibition produced by this drug on 
the Biebl loop could be due to the associated increase in tone. However, this drug 
always caused a fall in intestinal temperature which accompanied the inhibitory 
effect recorded from the Biebl loop. 

The most interesting observation was, however, the disparity between the in- 
hibition produced by posterior pituitary extract on the ileum of the living horse and 
the lack of effect of this drug on the isolated ileum. Since the inhibition was shown 
by both preparations of the ileum in the living animal it could not be due to any 
artifact in the recording technique. Earlier work (Alexander, 1950) had shown that 
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the main facior influencing motility in the perfused ileum is the supply of oxygen. 
Moreover, it has long been known that posterior pituitary extract decreases the 
portal blood flow in cats (Clark, 1928). The intestinal temperature in both Biebl 
and Thiry-Vella loops showed a profound fall after the injection of this posterior 
pituitary extract, and, in the Thiry-Vella fistula, cyanosis of the mucous membrane. 
It seemed clear, therefore, that the intestinal blood flow had been greatly diminished, 
and this, in view of the earlier work (Alexander, 1950), would account for the 
decreased motility. The effect of posterior pituitary extracts on the alimentary 
tract has been reviewed recently by Stehle (1950), who states that, “In the intact 
animal the intense constriction of the splanchnic blood vessels caused by the pressor 
hormone makes one think of the possibility of an indirect action.” The experiments 
on the horse support this idea. 

The occasional inhibition which followed the injection of carbamylcholine was 
always associated with a fall in intestinal temperature, suggesting that even the well- 
marked intestinal stimulation usually produced by this drug could be masked by 
its action on the circulation. Further, with a well-recognized inhibitor of intestinal 
movement such as adrenaline, the ileal inhibition preceded the fall in temperature 
by at least five minutes, showing that the inhibition was direct and not secondary to 
a reduced blood flow. 

The concurrence of reduced motility, a fall in intestinal temperature, and cyanosis 
of the ileal mucosa lends strong support to the evidence from the perfused ileum 
(Alexander, 1950) that, in the horse, ileal motility is greatly influenced by any inter- 
ference with its supply of oxygen. 


SUMMARY 


1. Ileal motility has been studied in three ponies with Biebl loops and one with 
a Thiry-Vella loop. 

2. The movements of the exteriorized ileum in the recently fed pony with a Biebl 
loop comprised a mixture of strong slow contractions and quicker rhythmic con- 
tractions. In the fasting animal the rhythmic contractions predominated. _ The 
Thiry-Vella fistula showed only rhythmic contractions. 

3. Adrenaline inhibited, and carbamylcholine usually increased, ileal motility in 
the living animal. 

4. Posterior pituitary extract diminished contractions in both Biebl and Thiry- 
Vella loops and caused a prolonged fall in ileal temperature. 

5. A fall in ileal temperature was always associated with inhibition of motility. 

6. It is suggested that intestinal motility in the horse is greatly influenced by 
drugs which affect intestinal blood flow. 
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The problem of acquired resistance to organometallic drugs in experimental 
spirochaetal infections has been investigated frequently (Gonder, 1912 ; Akatsu and 
Noguchi, 1917 ; Klauder, 1924 ; Feldt, 1932 ; Fischl and Singer, 1934 ; Probey, 1948) 
since the introduction of arsphenamine as a spirochaeticide by Ehrlich and Hata 
(1910). Much of this work is difficult to interpret with certainty, but it appears that 
resistance to arsenical drugs can be produced in some experimental spirochaete 
infections, though much more slowly than in experimental trypanosomiasis. 

The demonstration of the therapeutic activity of penicillin in experimental spiro- 
chaetal infections of mice by Lourie and Collier (1943), and the introduction of 
penicillin for the treatment of syphilis in man. by Mahoney, Arnold, and Harris 
(1943), raised the question of acquired resistance to penicillin also, and the treatment 
of two offshoots of a strain of §. recurrentis with penicillin and with neoarsphen- 
amine was begun in 1944 at the Liverpool School of Tropical Medicine by Dr. E. M. 
Lourie and Dr. H. O. J. Collier. 

Existing evidence for penicillin resistance in experimental spirochaete infections is 
equivocal. Dunham, Hamre, McKee, and Rake (1944) have reported that the 
Nichols strain of Treponema pallidum in an “ insufficiently treated ” rabbit gave rise 
to a variant which was more resistant to penicillin in vitro than the parent strain. 
Tung and Frazier (1946), however, failed to induce resistance to penicillin in cultures 
of the Reiter strain of 7. pallidum after fifteen passages in penicillin-containing 
media, and Kolmer and Rule (1946) have shown that the Nichols-Hough strain of 
T. pallidum in rabbits acquired no increased tolerance to penicillin after three serial 
treated passages. 


DEVELOPMENT OF RESISTANT STRAINS 


Parent strain.—Spirochaeta recurrentis (S. duttoni) was maintained continuously in 
mice by blood passage since it was obtained in 1939 from Dr. C. M. Wenyon, who 
received it as S. duttoni in 1935 from Dr. Stefanopoulo of the Institut Pasteur, Paris. Its 
previous history is not known. 
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Three mice were infected intraperitoneally from the tail blood of a mouse infected 
with the parent strain ; 48 hours later, when microscopic examination of a drop of tail 
blood showed parasites present, the three mice were treated subcutaneously with graded 
doses of the drug. On the following day, the strain was passaged from the mouse that 
had received the highest dose which failed to clear the blood of parasites into three 
further uninfected mice, in which the procedure was repeated. No control of the size 
of the infective inoculum was made. Drug dosage was increased when decreased thera- 
peutic activity appeared, as shown by consistently high parasite counts (i.e. parasites, 
microscope field, 1/6th obj. 10x oc.) on the day following treatment. Drug solutions 
were prepared in distilled water and the injections made in 0.5 ml./20 g. body weight. 

Penicillin-resistant strain—The penicillin used was sodium penicillin (TRC batches) 
in the form of tablets containing 10-20 per cent “ pure ” penicillin (8—9,000 units / tablet) ; 
the samples used were manufactured in 1944-5 and were stored in a refrigerator imme- 
diately on receipt. The strain was passaged 324 times, including 30 untreated passages, 
over a period of 3 years 2 months, from December 11, 1944, to March 6, 1948. The 
distribution of penicillin dosage in six-monthly periods is indicated in Table I. 


TABLE | 
History of S. recurrentis strain in mice treated with penicillin 





} | 
| 11.12.44; 10.6.45 10.12.45 | 9.6.46 | 9.12.46 | 11.6.47 | 8.12.47 


Dates to | to to | to to to to 

| 10.6.45 | 10.12.45) 9.6.46 | 9.12.46 | 11.6.47 8.12.47 | 6.3.48 

Interval (months) - ca 0-6 6-12 i2-18 18-24 24-30 30-36 36-39 
No. of passages - a. 40 51 50 SI 54 54 24 
No. of treated passages ae) ee 50 47 49 48 4] 22 
No. of passages 250 2 0 0 0 0 0 0 
treated with penicil- 350 l 0 0 0 0 0 0 
lin at dose (units/20 500 26 5 7 5 0 0 0 
g. mouse, S.c.) .. 1,000 3 3] 15 12 2 0 0 
1,250 3 0 0 0 0 0 0 
2,000 0 14 25 22 3 l l 
3,000 0 0 0 7 5 l | 
4,000 0 0 C 3 8 10 y) 
5,000 0 0 0 0 0 l l 
6,000 0 0 0 0 8 11 10 
8,000 0 0 0 0 9 16 0 
10,000 0 0 0 0 ) l 0 
12,000 0 0 0 0 4 0 0 





Neoarsphenamine-resistant strain.—The strain was developed as above: a com- 
mercial preparation of neoarsphenamine (ampoules, for clinical use) supplied by Messrs. 
May and Baker, Dagenham, was used. The strain was passaged 312 times, including 17 
untreated passages, over a period of 2 years 11 months, from April 6, 1945, to March 
6, 1948. The distribution of neoarsphenamine dosage in six-monthly periods is indicated 
in Table II. 

Table I shows that it was possible to increase the dosage of penicillin within 
6-12 months of the start of continuous treatment. for, in 31 of 37 treated passages in 
the first six months, the strain withstood 500-1,000 units/20 g., compared with 
1,000-2,000 units in 45 of 50 treated passages in the second six months. In the 
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TABLE II 
History of S. recurrentis strain in mice treated with neoarsphenamine 





6.4.45 4.10.45 | 4.4.46 3.10.46 | 3.4.47 | 2.10.47 
Dates to to to to to to 
| 4.10.45 | 4.4.46 3.10.46 | 3.4.47 | 2.10.47 | 6.3.48 




















Interval (months) ye x = 0-6 6-12 12-18 18-24 24-30 30-35 
No. of passages .. en ea i 51 52 50 54 54 51 
No. of treated passages .. - .. rr 51 51 50 52 48 45 
No. of passages treated with 0.5 24 10 | 0 0 | 0 
neoarsphenamine at dose 1.0 24 17 13 5 0 0 
(mg./20 g. mouse, s.c.) 2.0 3 | 24 30 15 Ki l 
3.0 0 | 0 6 14 2 0 
4.0 0 0 0 18 17 15 
5.0 0 0 | 0 0 15 27 
6.0 0 0 0 0 0 2 





ensuing twelve months this level appeared to be maintained, for in 74 out of 96 
treated passages the strain continued to withstand doses of 1,000—2,000 units. There- 
after, in the period between 24 and 39 months after beginning treatment, a more 
variable response appeared at a higher level (4,000—6,000 units). 

These findings are open to the two following interpretations : 

(i) The penicillin may have deteriorated during the 2-3 years of the experiment ; 
this possibility is borne out by the experiments, described in a later section, with fresh 
crystalline sodium penicillin G, in which the treated strain, in tests done over a 5-week 
period immediately after the end of treatment, proved to be only twice as resistant 
as the parent strain instead of 10 times as resistant, which Table I] would suggest. 

(ii) Penicillin-resistance may, in fact, have been produced and may already have 
developed within 6-12 months after starting the continuous treatment. That this 
early development of acquired resistance is likely is supported by Lourie and 
Collier, who tested the parent and treated strains after exactly 6 months of con- 
tinuous treatment of the latter. Mice were infected intraperitoneally, and two days 
later, when microscopic examination of coverslip preparations of tail blood showed 
1-20 parasites/ field (1 /6th obj.), penicillin was administered subcutaneously in doses 
of 500 and 1,000 units/20 g. mouse, the same penicillin solution being used simul- 
taneously for both the parent and treated strains. On the day after treatment, 
microscopic examination of coverslip preparations of tail blood was again carried out 
to determine the number of animals in which parasites could not be detected after 
examination of 50-100 microscope fields. By this criterion, after a dose of 500 
units, 9/10 animals infected with the parent strain, and 0/10 animals infected with 
the treated strain, showed parasite-free blood. After a dose of 1,000 units, 10/10 
animals infected with the parent strain, and 4/10 animals infected with the treated 
strain, showed parasite-free blood. 

From Table II, resistance to neoarsphenamine as estimated tentatively by inspec- 
tion appears to develop gradually until the levels of the M.T.D. are reached (4.0-6.0 
mg./20 g.) in 24-30 months. Since no question of drug deterioration arises in this 
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series, this conclusion is probably valid and is in fact borne out by the experiments 
described below. 
DETERMINATION OF OPTIMAL ASSAY CONDITIONS 


An attempt has been made, in the experiments below, to define the conditions 
for a more accurate statistical evaluation of therapeutic efficacy than is possible from 
the data above or than has hitherto been achieved with this strain. 

Richardson, Walker, Loeb, and Miller (1945), using a strain of B. novyi, were 
able to produce a standard infection level in mice of about 11,000 parasites per 
10,000 red blood cells 48 hours after intraperitoneal inoculation of 10'° parasites per 
kg., and this degree of infection was used in their therapeutic tests. With the strain 
used here and with convenient amounts of blood for the inoculation of sufficient 
numbers of mice, it was not possible consistently to reproduce peak levels of more 
than about 3,000—5,000 parasites per 10,000 red blood cells. Infections of this degree 
were produced in the experiments to be described below by diluting heavily infected 
blood 1 in 5 or more in citrated saline, and inoculating 0.2 ml. containing 
1-2 x 10° parasites per 20 g. mouse, i.e., 0.5—1 x 10'° parasites per kg. The parasite 
numbers in the inocula were estimated by relating differential spirochaete/red cell 
counts in dry films to red cell counts made with a standard counting chamber. 

The course of infection in 65 control mice infected at different times in batches 
of five for the test experiments below, and with inocula prepared as above, is shown 
in Table III. The variation may reasonably be ascribed to variable host suscep- 
tibility. 

Apart from the inconvenience of using larger amounts of blood for the inocu- 
lations, with the object of obtaining heavier infections, the use of inocula more 
heavily charged with spirochaetes was not, in fact, found to result in higher peak 
infections than were produced by the standard inocula described immediately above. 
The heavier inocula tested were diluted mouse blood containing up to 1.6 x 10"! 
parasites/kg., and diluted rat blood containing up to 1.0 x 10" parasites/kg. The 
peak infections in rats were not increased by splenectomy one to two hours before 
inoculation. 

EXPERIMENTAL ASSESSMENT OF DRUG RESISTANCE 


Usually batches of 25 mice were used ; one batch was infected with the normal 
parent strain of S. recurrentis and another with the drug-fast strain, using the stan- 
dard inocula described above. Exactly one hour after inoculation, groups of five 
mice were treated subcutaneously (0.5 ml./20 g.) with appropriate dilutions of the 
drug in 0.85 per cent saline containing 1 per cent sodium citrate. Five mice in each 
batch served as controls. Blood films were made at intervals of 24, 48, and 72 hours 
after treatment, and infection levels estimated as described earlier. The experiments 
were repeated later at least once, and the separate results were recombined to 
obviate differences due to irregular response. The drug samples used were (i) 
crystalline sodium penicillin (Glaxo), of potency 1,640 units/mg., containing 90 per 
cent penicillin G (Il) (benzyl penicillin), and (ii) neoarsphenamine (ampoules for 
clinical use, as supplied by Messrs. May and Baker, Ltd.). A preliminary experiment 
on the effect on the course of infection of the length of the interval between infection 
and treatment showed that with doses of penicillin of 1,000 units/20 g. the peak 
infection levels were not significantly different after treatment intervals of one, three, 
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TABLE Ill 


The early course of infection in mice infected intraperitoneally with a standardized 
inoculum (0.5-1.0 « 10'° parasites/kg.) 





Mean infection level (parasites/10,000 RBC) for 
batch of five mice 

















Inoculum: snweneanbsonsaminaneiasiaruvinens caasal ae 
Parasites x 10'°/kg. Hours after inoculation 

24 48 
0.5 1,400 | 6,528 
0.5 106 2,088 
0.5 | 253 2 059 
0.5 930 3860 
0.7 324 2,751 
0.8 502 2,142 
0.8 2,312 1,369 
0.8 982 1,661 
0.9 325 4,104 
1.0 1,712 6.376 
1.0 365 2,604 
1.0 638 1 443 
1.0 920 6,936 





and six hours after infection. Early treatment, which may be considered as suppres- 
sive rather than therapeutic, was used throughout to avoid error in the assessment 
of response caused by spontaneous remission of the infection. 


For each drug, individual log parasite counts at 48 hours were plotted against 
dosage for the normal and resistant strains, and the responses of each strain were 
compared by a variance analysis method applied to the regression lines thus obtained, 
in order to assess the significance of the difference in response of (1) the penicillin- 
resistant and (2) the neoarsphenamine-resistant strains. The response of strain (1) 
was significantly different from the normal parent strain (variance ratio F=3.83, 
P<0.01); the response of strain (2) showed a more markedly significant difference 
from the parent strain (variance ratio F= 10.53, P<0.001). 


TABLE IV 


Suppressive effect of penicillin on the parent and penicillin-resistant strains of 
S. recurrentis in mice 








Penicillin Mean log,, (No. of parasites/ Mean parasite count as proportion 
(units/20 g. 10,000 RBC) of control mean 

mONN, 5.6.) Parent strain | Resistant strain Parent strain Resistant strain 
1) a 3.61 (8) | 3.40 (20) 1.00 1.00 
250 3.23 (10) 3.02 (10) 0.42 0.42 
500 3.21 (10) | 3.23 (15) 0.40 0.68 
1,000 2.53 (10) | 2.99 (14) 0.08 0.39 
2,000 1.15 (5) 2.58 (13) 0.003 0.15 
4,000 — 1.50 (15) — 0.013 





Figures in parentheses indicate number of mice. 
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TABLE V 
Suppressive eflect of neoarsphenamine on the parent and neoarsphenamine-resistant 
strains of S. recurrentis in mice 





Neoarsphenamine | Mean log,» (No. of parasites/10,000 Mean parasite count as proportion 











(mg./20 g. RBC) of control mean 
mouse, S.c.) . ; ie: 
Parent strain Resistant strain Parent strain Resistant strain 
~ a 3.28 (15) 3.22 (20) 1.00 1.00 
0.25 3.32 (10) 2.97 (5) 1.10 0.56 
0.50 2.09 (15) 3.53 (5) 0.06 2.04 
1.00 2.42 (13) 3.12 (14) . 0.10 0.80 
2.00 1.33 (5) 3.36 (10) 0.01 1.38 
4.00 —- 2.45 (9) — 0.17 





Figures in parentheses indicate number of mice. 


In Tables IV and V, the infection levels at individual doses are tabulated and 
expressed as proportions of the infection level of the controls. From Table IV it 
appears that whereas a dose of ca. 1,000 units of penicillin will reduce the parasite 
density by 90 per cent in the normal strain, a dose of ca. 2,000 units is necessary to 
produce this effect in the resistant strain, i.e., an approximately twofold increase in 
resistance to penicillin. 

From Table V it appears that a dose of 0.5 mg. neoarsphenamine will produce 
a 90 per cent decrease in parasite density with the normal strain, but, to produce the 
same effect in the resistant strain, a dose of at least 4 mg. is necessary, i.e., an 
approximately eightfold increase in resistance to neoarsphenamine. 

Although some resistance to penicillin was developed by this strain of spiro- 
chaetes, it may perhaps be regarded as propitious, for the future clinical use of 
penicillin against spirochaetal diseases in general, that the increased resistance was 
no more than twofold, in spite of treatment continued for over three years. Syphilis 
has now been treated with arsenicals for about 40 years without any indications 
of an increased incidence of arsenic-resistant infections, and this work gives grounds 
for hoping that the widespread use of penicillin will equally not result in an increasing 
incidence of infections resistant to penicillin. 


SUMMARY 


. Two strains of Spirochaet a recurrentis (S. duttoni) have been passaged over 
a ine period in a series of mice subjected to treatment with penicillin and with 
neoarsphenamine, respectively, in an attempt to demonstrate acquired drug resistance. 


2. After a period of three years, two and three-quarter months, involving 294 
treated passages, acquired resistance to penicillin was observed, but the resistance 
was no more than twice that of the parent strain. After a period of two years 
eleven months, involving 295 treated passages, an approximately eightfold increase 
in neoarsphenamine resistance was observed. 

3. The assay procedure was based on an estimation of infection level by a 


differential parasite /erythrocyte count on heavily infected mice inoculated, treated, 
and examined under controlled conditions. 
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4. The results have been subjected to statistical analysis for assessment of 
significance. 


We wish to express our appreciation of the encouraging and continued interest taken 
in this work by Dr. E. M. Lourie, former Director of the Department of Chemotherapy, 
Liverpool School of Tropical Medicine. The work was carried out with a grant from 
the Medical Research Council to one of us (I, M.R.) and during the tenure of a May 
and Baker Research Fellowship held by the other (J. W.). 


ADDENDUM 
Statistical analysis of data 
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MEAN PARASITE COUNT 


With data representing counts of parasites or bacteria it is usually found that the 
variability of the count increases with the count. This is clearly shown in Fig. 1, 
where the mean of a sample of counts obtained under the same experimental con- 
ditions is plotted against the standard deviation. Given a sample of n counts, x,, 
fies sad 

Sx Sx)? 
calculate Me = and X = Sx _ 
n n 
the summation being taken over all counts. Sx? and Sx can be found in one oper- 


ation on a calculating machine. The mean is then m and the standard deviation s, 
where 


X 


(n-7) 


2 
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In order to compare results obtained under different experimental conditions it is 
necessary that the variable concerned should have about the same standard deviation 
whatever the magnitude of the mean values; this is a prerequisite of analysis of 
variance. Evidently the count itself does not satisfy such a requirement, so it be- 
comes essential to transform it into a new variable which does. The nature of the 
relation between mean and standard deviation indicates some sort of logarithmic 
transformation, but log (count) is not satisfactory, showing a decrease in standard 
deviation with increasing mean (see Fig. 2). Kleczowski (1949) has given reasons 
for using 
y=log (count +c) 


where the best value of the constant c is obtained as follows. 
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OPo penicillin- and neoars- 
02+ phenamine-resistant 
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MEAN tOGio COUNT 


Each set of counts for which the experimental conditions are the same gives a 
pair of numbers m, s : the mean and standard deviation of the sample ; suppose there 
are k such samples. Calculate 


~~ Sm ee Ss 
= k , § = k 
2 
M = Sm —S* 7 = sms —'5m55 
k k 
Ms 


then c = -——-—-—m 
T 


Here c=358, so the analysis is continued with the new variable 
y=log,, (count + 358) 


To check the usefulness of this transformation the sample means of y are plotted 
against standard deviations in Fig. 3, and the standard deviation is now seen to 
remain more or less constant as the mean increases. 

The results of the ensuing analysis of variance are given in Table VI, with appro- 
priate values obtained from Table V in Fisher and Yates (1948). 
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TABLE VI 
RESULTS OF ANALYSIS OF VARIANCE 





Source of variation | Sum of squares | d.f. | Mean square | F P 

















Between strains (penicillin) 1.38 5 0.276 | 3.83 | 6.001-0.01 
Within strains (error) ae 7.57 105 0.0721 | | 
Between strains (neoars- | | | 
pnenamine) rs ms 5.53 | § | 1.106 | 10.53 <0.001 
Within strains (error) ie 10.75 | 102 0.105 
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THE RESPIRATORY STIMULANT ACTION 
OF OCTYLAMINES 
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Most of the work on the pharmacology of octylamine has been done in connexion 
with the pressor effects of aliphatic amines. Barger and Dale (1910) found that a 
comparison of the pressor activity of octylamine, and other members of the series, 
was difficult because of their cardiac depressant effects. There was no doubt, how- 
ever, that octylamine had less pressor activity in spinal cats than heptylamine, which 
in turn was less active than hexylamine. Swanson and Chen (1946) observed that 
]-amino-octane did not increase the blood pressure of pithed dogs ; 1 mg. of 2-amino- 
octane, however, caused a rise in pressure equivalent to 0.5 yg. adrenaline. The 
respiratory stimulant action of 2-amino-alkanes in dogs under sodium pentobarbitone 
was observed by Alles (1946), who found that 2-aminoheptane stimulated the res- 
piration more than hexylamine, 2-aminohexane, or 2-aminopentane. Alles also 
reported that 2-aminoheptane was the most active pressor agent in his series. 
Charlier (1951) showed that the respirations of dogs under chloralose were stimulated 
by 2-amino-6-methylheptane and that the stimulation lasted for more than sixty 
minutes. 

During a preliminary investigation of the pharmacological action of 1|-amino- 
octane, it was observed that this amine, when injected into cats under sodium pento- 
barbitone, lightened the anaesthesia and resulted in deeper and more rapid respira- 
tions. This analeptic action of i-amino-octane appeared to be great enough to 
warrant further investigation. Experiments were therefore carried out to compare 
the respiratory stimulation produced by 1l-amino-octane with that by amphetamine. 
To complete the series, the analeptic activity of 2-amino-octane was also assessed. 
Amphetamine was chosen as a standard for comparison for two reasons : (1) because 
it is a useful antidote in barbiturate poisoning (Freireich and Landsberg, 1946; 
Nabarro, 1950) and (2) because a comparison was indicated between the pharma- 
cological action of an aromatic amine and an aliphatic amine with a similar number 
of carbon atoms per molecule. This comparison would show whether a benzene 
ring is a necessary part of the molecular structure for optimum respiratory stimula- 
tion. 


CH;(CH,),NH, 

¢g SC H,CH.CH,; 1-amino-octane 
r NH; " CH,(CH,);CH.CH, 

Amphetamine NH, 


2-amino-octane 
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METHOD 

The respiratory stimulant activity of these compounds was determined in rabbits in 
which the respirations had been depressed by 10 mg. sodium pentobarbitone, repeated 
when necessary to slow the rate and decrease the depth of respiration. The test drug 
was injected intravenously, and the changes in respirations were recorded on a smoked 
drum by Gaddum’s (1941) method. A tracheal tube equipped with inlet and outlet valves 
was used. The inlet valve was connected by plastic tubing to a glass T-piece, one arm 
of which led to a large tambour and lever, and the other arm to one hole in the stopper 
of a 2-litre bottle. A capillary tube inserted through a second hole in the stopper 
restricted the entry of air into the bottle. Each inspiration by the animal momentarily 
decreased the pressure in the system and caused a downward excursion of the lever, 
the length of the swing being related to the amount of air inspired (Fig. 1). By repeat- 
ing the dose of sodium pentobarbitone and by allowing adequate intervals between 
injections, it was possible to attain similar control levels of anaesthesia, and reproducible 
responses to the test drugs. Eight rabbits were used to compare amphetamine and 2-amino- 
octane and eight to compare amphetamine and l-amino-octane. In each experiment the 
increase in respiratory rate produced by random doses of 2.5, 5.0, and 10 mg. amphet- 
amine sulphate, and 2.0, 4.0, and 8.0 mg. of the aliphatic amine under test, was deter- 
mined. The injections of l-amino-octane and 2-amino-octane were dilutions of a 7 per 
cent (v/v) solution made by the addition of 0.7 ml. amine, 0.7 ml. water, 0.34 ml. HCI 
(conc.), and, when these were dissolved, water to 10 ml. The solutions injected had a 
PH of 7.1. 

RESULTS 

1-Amino-octane and 2-amino-octane (2.0-8.0 mg.) and amphetamine (1.56.0 mg.) 
increased the respiratory rate of rabbits and cats in which the breathing had been 
depressed by sodium pentobarbitone (Fig. 1). When adequate intervals were allowed 





Fic. 1.—Respirations and blood pressure of a cat under sodium pentobarbitone. A= amphetamine 
sulphate, 55mg. Oc l-amino-octane, 4 mg. 


between injections, the three doses of amphetamine and test solution could be made 


into the same rabbit. The resulting increase in respiratory rate was a manifestation 
of greater pulmonary ventilation. Although occasionally the depth of respiration 
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decreased after the injection of these amines, this decline was only transient, and 
the volume of gas moved into and out of the lungs per minute was always increased. 
Within this range of doses, the duration of respiratory stimulation was frem 10 to 
20 min. for each substance. 

The changes in respiratory rate produced by the three doses of each amine in 
terms of percentage increase of the depressed rate were computed in an analysis of 
variance as applied to graded response assays (Bliss and Marks, 1939). It was found 
that there was a linear relationship between the percentage increase in respiratory 
rate and the log dose of each amine (Fig. 2), and that the lines comparing amphet- 
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Fic. 2.—Relation between percentage increase in respiratory rate and log dose of amines in rabbits 
under sodium pentobarbitone. A, amphetamine ; B, 2-amino-octane; C, 1l-amino-octane. 
Each point is the mean of eight observations. 
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amine and 2-amino-octane and similarly the /ines comparing amphetamine and 
l-amino-octane did not differ significantly in slope. ln cight rabbits, the ratio of 
potencies (with standard error) of amphetamine to 2-amino-octane was 1.84+0.22. 
In eight additional rabbits the ratio of potencies of amphetamine to 1-amino-octane 
was 2.51+0.25. 


Mechanism of action—The respiratory stimulant effect of 1-amino-octane, like 
that of amphetamine, was present after the nerves to the carotid body had been cut. 
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Both 1-amino-octane and 2-amino-octane increased the respiratory rate of rabbits in 
which breathing was depressed by morphine sulphate. The action of these amines 
therefore appears to be due to a direct stimulation of the respiratory centre under 
the influence of medullary depressant drugs. 


Cardiovascular action—\-Amino-octane and 2-amino-octane had less stimulant 
activity than amphetamine on the isolated rabbit heart perfused by the Langendorff 
method (Table I). The coronary outflow, however, was usually increased by 1-amino- 
octane. In rabbits under sodium pentobarbitone, l-amino-octane and 2-amino- 
octane caused a transient fall in blood pressure followed by a slight, more prolonged 
increase in pressure. Alles (1946) found that the initial depressor effect of 1-amino- 
octane was not prevented by equal molar amounts of atropine. 


TABLE I 
RESPONSES OF PERFUSED RABBIT HEARTS TO AMINES 





Number of hearts 








Ami D ] Siar ie re 
—— _— Total | Increased Coronary flow 
rate increased 
Amphetamine... - Pr 20-120 ug. 10 8 5 
l-amino-octane .. .. | 30-150 pg. 12 | 4 1] 
2-amino-octane .. Lag ae 40-150 pg. | 5 | Z 3 





Toxicity studies—The acute toxicities of these substances by the intravenous 
route were determined in adult, white mice (Table II). Although the LDSOs of 
l-amino-octane and 2-amino-octane were slightly larger than that of amphetamine, 
the therapeutic ratios were still less than that of the aromatic amine. After several 
days, daily subcutaneous injections of 8 mg. 1-amino-octane into rats caused necrosis 
of the tissue at the site of injection and the rats failed to gain weight, but no other 
toxic signs appeared. 














TABLE II 
D Equiactive | LDSO | Therapeutic 
sk doses mg. mg./kg. | ratio 
Amphetamine as | 2.6 16 | 6.2 
l-amino-octane_.... “ ‘orl 6.3 18 | 2.9 
2-amino-octane 4.7 23 | 4.9 
DISCUSSION 


Several methods of assessing the amount of respiratory stimulation produced by 
a drug have been reported previously. These have been reviewed by Thorp (1947), 
who also described a method in which a comparison of respiratory analeptics was 
made by finding the doses required to restart the respirations of guinea-pigs anaes- 
thetized with barbiturates. In this way the action of a substance on respiration 
could be shown independent of any awakening effect. The method used in the 
present study measured the direct action of a substance on respiration, and gave 
quantitative data suitable for a graded response assay of respiratory stimulant 
activity. 
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The observation that amphetamine was more effective than 1-amino-octane and 
2-amino-octane in restoring depressed respirations to normal indicated that the 
presence of a benzene ring in an amine may be necessary for optimum analeptic 
activity. It was interesting to find, however, that aliphatic amines possessed as 
much stimulant activity as they did. Because they were found to have as long a 
duration of action as amphetamine and were less toxic, it is suggested that 1-amino- 
octane and 2-amino-octane may have a place in the treatment of some cases of 
respiratory depression. An analeptic should increase the circulation so that the 
removal of the substances which are depressing the vital centres is hastened. Of 
the drugs used in this study, amphetamine was the most active cardiovascular stimu- 
lant, although it was less effective than l-amino-octane in dilating the coronary 
vessels. In man, 2-aminoheptane and 2-methylaminoheptane were reported to be 
active circulatory stimulants by Roma-Vega and Adriani (1944), who found that 
they were effective vasopressor agents in combating hypotension during spinal 
anaesthesia. 

SUMMARY 

1. In rabbits and cats with breathing depressed by sodium pentobarbitone, 1- 
amino-octane and 2-amino-octane increased the rate of respiration and the volume of 
aa moved in and out of the Jungs per minute. 

. The ratio of analeptic activity of amphetamine to 1-amino-octane in rabbits was 
2 51 +0.25, and of amphetamine to 2-amino-octane 1.84+0.22. 


3. Although 1l-amino-octane and 2-amino-octane were less toxic than amphet- 
amine, the therapeutic ratio was still in favour of amphetamine as a respiratory 
stimulant. 


The authors express their thanks to Dr. L. B. Jaques for his advice and to Dr. C. 
Gowdey for help with the toxicity tests on l-amino-octane. This research was supported 
by a grant from the National Research Council of Canada. 
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THE ACTION OF POSTERIOR PITUITARY EXTRACTS 
UPON PROPULSION IN THE SMALL INTESTINE 
OF CONSCIOUS DOGS 
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(Received August 1, 1951) 


In 1909 Fodera and Pittau noted that injections of hypophysial extracts into dogs 
caused “la répétition de défécations ayant un caractére diarrhéique et suivies de 
tenesme.” In the same year Dale independently reported that extracts of the 
posterior lobes of ox pituitaries, boiled in acetic acid, filtered, and neutralized before 
use, caused an isolated strip of dog intestine to contract ; and Bell, working with 
pithed rabbits, observed defaecation and increased peristalsis after injections of 
similar extracts supplied by Dale. Bell also announced that he had employed the 
extracts, without a single failure, in the treatment of several patients suffering from 
post-operative paralytic ileus, and recorded the reports of some of his colleagues 
who had been persuaded to use the extracts in similar cases. 

In the ensuing years numerous commercial preparations of pituitary extracts were 
put on the market, and much work was done in an attempt to throw the light of 
analytical experiment upon the empiricism of their use in clinical treatment. 
Although most authors were able to confirm that the extracts had a stimulating 
action upon various preparations of intestine, some, for example, Shamoff (1916), 
found them inhibitory. It was suggested by Roth (1917) that the differences in 
results could be attributed to the fact that insufficient attention had been paid to the 
presence of acid or preservative in many of the preparations. Detailed reviews of 
the early literature were made by Geiling (1926) and by Gruber and Robinson (1929). 

In 1925, however, Macdonald, using carefully made, neutralized, and preservative-free 
extracts, could find ro specific stimulating action upon cat intestine, and suggested that 
what action there was could be attributed to a non-specific “ histamine-like ” substance 
present in extracts of tissues other than the pituitary gland. Gaddum (1928) confirmed 
that cat intestine was insensitive to pituitary preparations, but showed that isolated 
rabbit gut was powerfully contracted by a substance in pituitary extracts which could 
not be histamine. He also demonstrated that the active substance was present mainly 
in the “ pressor ” fraction of the extract, and that the co'on was contracted more forcibly 
that the jejunum. It thus appeared that, even after the elimination of unphysiological 
pH, preservative, and histamine, posterior pituitary extracts contained a substance which 
contracted the isolated intestine of all animals studied except the cat. (That cat intestine 
does, in fact, also respond to pitressin, though not to pitocin, was shown by Steggerda, 
Gianturco, and Essex, 1938.) 

The defaecation produced in normal animals, and the stimulation of isolated pieces 
of gut, led to the expectation that injections of pituitary extracts could be shown to cause 
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an increase in intestinal activity by methods which demonstrated intestinal motility in 
vivo. A contrary result was, however, obtained by McIntosh and Owings (1928), who 
found that pituitary extracts relaxed the tone and decreased the motility of segments of 
obstructed dog intestine in vivo, and by Gruber and Robinson (1929), who showed a 
similar inhibition of the movements (recorded by balloons) of Thiry-Vella loops in other- 
wise normal dogs. Quigley and Barnes (1930), also using balloon recorders, found 
relaxation and inhibition of the contractions of the stomach, smail intestine, and colon 
after pituitary injections, and Quigley, Highstone, and Ivy (1934) showed that the extracts 
had a variable, but predominantly depressant, action upon the propulsion of boluses by 
Thiry-Vella loops. Wolff (1939), recording with balloons the activity of colonic fistulae 
in vivo in dogs, found regular inhibition with occasional subsequent stimulation after 
injection of pitressin and prolonged inhibition after pitocin ; and Larson (1941), record- 
ing with balloons inserted through the anus or an appendicostomy, also in dogs, showed 
that pitocin either had no effect or relaxed the bowel, that pituitrin both relaxed the tone 
and reduced the amplitude of contractions, while pitressin had no effect on tone but 
usually increased the contractions of the upper colon. Reagan, Harbor, and Puestow 
(1939), observing exposed segments of dog colon, thought the reverse, namely, that 
pituitrin had little effect on contractions, but somewhat increased the tone. Puestow 
(1942), observing by eye, in human subjects, the movements of various parts of the bowel 
in hernial sacs, was of the impression that the small intestine was relaxed and inhibited 
by pituitrin and pitressin, but that the colon was stimulated. 

Other authors, however, have come to contrary conclusions. Melville and Stehle 
(1934) screened and took x-ray photographs of dogs given radio-opaque meals, and 
found that after injections of pitressin, but not of pitocin, the small intestine became 
constricted, and that the propulsion of the meal into the colon was hastened. Necheles, 
Maskin, Strauss, Strauss, and Taft (1935) and Macdonald and Settle (1936), recording 
with balloons from the small and large intestines of patients with fistulae, noted that 
“ colicky ” pain, increased contractions, and more rapid expulsion of contents followed 
injections of pitressin in nearly all of them. Comparable results were obtained by 
Carlson (1930) from three patients with colostomies and one with an ileostomy. Rundle 
(1935) reported a satisfactory response to pituitrin injections by three patients with 
paralytic ileus, but Seed, Falls, and Fantus (1937), recording that pitressin injections 
hastened bowel movements in uncomplicated post-operative cases, found them of no 
value in ileus. Larson and Bargen (1933), recording from various parts of colonic fistulae 
in dogs, were of the opinion that pituitrin contracted the middle but not the upper or 
lower parts of the colon, and Guthrie and Bargen (1936) confirmed Fodera and Pittau’s 
original observation that pituitary injections caused defaecation in normal dogs, noting, 
in addition, that while pitocin and pitressin were both active the latter was much the 
more potent. 


It is unfortunate that, so much work having been devoted to investigations of the 
actions of pituitary extracts, many of the conclusions reached have been contra- 
dictory. The very large number of papers at least pays tribute to the interest of 
the problem which, apart from its practical bearing upon the clinical use of pituitary 
preparations, concerns the question whether the gut-stimulating principle has any 
function in normal physiology. In 1940, Wang, Clark, Dey, and Ranson, in whose 
paper reference to previous work on the same subject may be found, demonstrated 
that stimulation of certain parts of the hypophysis resulted, after a delay, in hyper- 
activity of the intestines. The phenomena persisted after vagotomy, and they 
suggested that the effect might be due to the release of pituitary hormone. As they 
pointed out, however, the literature concerning the effect of pituitary hormones on 





ee et 











+ RR co care, 


I. ER eT ETH 


ee OTE 








POSTERIOR PITUITARY ON INTESTINAL PROPULSION 49 


the intestine presents a picture which is far from clear, and their own attempts—on 
cats—to simulate the effects of hypophysial stimulation with pituitary injections 
led to different results in different animals. More recently Harris (1948), using 
rabbits, studied the effect of intracranial stimulation upon the motility of the intes- 
tines, as observed by eye through the shaved but unopened abdominal wall. His 
subjective impression was that, after electrical stimulation by an electrode implanted 
in or near the supraopticohypophysial tract, an increase of intestinal activity occurred 
similar to that provoked by injections of posterior lobe extracts. 

It is possible that the action of pituitary extracts upon the intestines can be given 
a single interpretation which would reconcile all the evidence from which various 
authors have derived conflicting opinions. The problem is dealt with more fully 
in the discussion. Much of the disagreement arises from evidence obtained by 
means of balloons placed within the lumen of the gut. Apart from the fact that 
balloons are stimulating objects such as the intestine does not normally contain, the 
changes in their volume cannot reliably be interpreted in terms of “ stimulation ” 
or “inhibition ” of the propulsive function of the bowel. Objections to the con- 
clusions sometimes drawn from their use have been made in detail elsewhere 
(Vaughan Williams and Streeten, 1950). The results which follow were obtained 
by measuring simultaneously, but independently, the rates at which Tyrode solution 
flowed into and was expelled from cannulated loops of jejunum in unanaesthetized 
dogs. 

METHODS 


The methods used have already been described (Vaughan Williams and Streeten, 1950 ; 
Vaughan Williams, 1951 ; Streeten and Vaughan Williams, 1951). Briefly, an operation 
was performed whereby a cannula was sewn into each end of a short intestinal segment 
which, with its pedicle of nerves and blood vessels intact, was left lying in the abdominal 
cavity, the continuity of the remainder of the gut being restored by anastomosis. The 
open ends of the two cannulae were exteriorized through separate stab incisions and 
gave permanent access to the oral and aboral ends of the loop. After the dog’s recovery 
from the operation, an apparatus could be attached by water-tight joints to the two 
cannulae, and permitted the introduction of Tyrode solution under controlled conditions 
of temperature and pressure into the oral end of the loop. The contractions of the loop 
then transported the. fluid and expelled it from the aboral end into an outflow recorder. 
The normal functioning of the apparatus can_be seen in the first part of Fig. 1. From 
above downwards the four tracings represent (1) the excursions of a piston recorder from 
which may be inferred the amplitude of the contractions of the oral end of the loop ; 
(2) the movements of a float recorder which measures the rate at which fluid enters the 
oral end, each downward movement of the lever representing the entry of fluid ; (3) the 
amplitude of the contractions of the aboral end of the loop (piston recorder) ; (4) the 
tate at which fluid is expelled from the aboral end, each upward movement of the lever 
representing the expulsion of fluid (float recorder). The straight vertical lines in (4) and 
(2), respectively, represent the discharge, by a relay mechanism, of 10 ml. of fluid from 
the outflow recorder, and the simultaneous resetting of the inflow recorder by an equal 
volume of air. 


RESULTS 


Five dogs were used, weighing between 9 kg. and 15 kg., two being males, three 
females. The animals were deprived of food, but not water, the night before an 
experiment, and were trained to lie for hours quietly on their sides. No soporific or 
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Fic. 1.—Effects of pituitrin on the motility of a loop of jejunum in a male dog. In this and subse- 
quent tracings, the first record shows the amplitude of contractions at the oral end of the loop; 
the second indicates the rate at which fluid entered the oral end, each downward movement of 
the lever representing the entry of fluid; the third records the contractions at the aboral end 
of the loop; and the fourth measures the rate at which fluid was expelled from the aboral end 
of the loop, each upward movement of the lever indicating the expulsion of fluid. The straight 
vertical strokes, in the fourth and second tracings respectively, represent the automatic discharge, 
by a relay, of 10 ml. fluid from the outflow recorder and the simultaneous resetting of the inflow 
recorder by an equal volume of air. Time is marked in minutes. The inflow reservoir was 





9 cm. above the cannulae, and the entrance to the outflow recorder 10 cm.; so that 1 g.cm. 

propulsive work was done for every ml. fluid expelled. At A, 0.5 U. pituitrin (45 mU./kg.) 
was injected intravenously. Contractions were diminished and fluid ran into the loop (fall in ; 
second lever) showing a dilatation. (At B, 7 ml. water was added to the system to reset the 4 


inflow recorder.) Before injection the mean rate of work was 3.9 g.cm./min. From the Sth 
to the 12th min. after the injection the mean rate increased to 12.2 g.cm./min. After 12 min. 
it had returned to 3.8 g.cm./min. : 


anaesthetic was used. The effects of normal respiration and slight movements of the 
dog could not be detected in the tracings. Subcutaneous injections of pituitrin were 
sometimes found painful, and occasionally gave rise to a sharp movement which 
could be seen as an artifact on the tracings. Such disturbances lasted only a few 
seconds ; the effects of both subcutaneous and intravenous injections were similar, 
but all injections in the last three dogs were given intravenously. The doses given 
were small, ranging from 10 to 100 milliunits per kg. 


At the left of Fig. 1 can be seen the normal activity of a loop in a male dog 
weighing 11.1 kg. At the oral end of the loop (top tracing) groups of large contrac- 
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tions alternated at fairly regular intervals with periods of relative quiescence. During 
the latter half of each group of large contractions and during the quiescence no fluid 
was admitted to the loop (second tracing). As the contractions grew gradually 
larger at the end of the quiescent period, fluid ran into the loop (indicated by a more 
rapid fall of second lever), and the whole cycle started again. A similar cycle existed 
at the aboral end, out of phase with the oral cycle. Periods of relaxation (third 
tracing), during which the outfiow recording lever (fourth tracing) made a horizontal 
record showing that no fluid was expelled from the loop, alternated with groups of 
strong contractions during which fluid was pumped into the outflow recorder. The 
entry to the outflow recorder was fixed at a known level above the reservoir from 
which fluid entered the oral end of the loop so that work had to be done in order to 
transport fluid through the loop. The actual propulsive work done in transporting the 
fluid through the loop was thus easily measured. 


At A, 45 milliunits per kg. of “ Pituitrin ” (Parke Davis) (diluted in saline imme- 
diately before use) was injected intravenously. Within a few seconds there was a 
large dilatation of the loop, resulting during the next two minutes in the admission 
of 12 ml. Tyrode from the inflow reservoir (fall of second lever). (At B, the inflow 
recorder was reset by 7 ml., to avoid overlapping of the second and third tracings.) 
For five minutes after the injection the relaxation persisted, the contractions at both 
ends of the loop remaining smal! and the outflow being very much reduced. Then 
a completely new phase of activity commenced, very large and powerful contractions 
occurring at both ends of the loop. The effect is demonstrated in the tracings, but 
it should, perhaps, be added that the great propulsive, almost “ projectile,” force of 
the contractions expelling the fluid was most striking to the eye. 


The phase of increased activity lasted for seven minutes. During the 20 
minutes before the injection the mean rate of work done by the loop was 3.9 g.cm. 
per min. During the seven minutes of the phase of increased activity the mean rate 
was 12.2 g.cm. per min. Even allowing for the five minutes of quiescence 
immediately after the injection, this represents an absolute increase of 38 g.cm. of 
additional propulsive work done during the 12 minutes after the injection, over 
and above what would have been expected had the loop continued to work through- 
out at the same rate as before the injection. The phase of relaxation was not always 
as marked as that shown in Fig. 1. In Fig. 2 some relaxation does occur, but is 
much smaller ; on the other hand, the stimulation in this tracing is also smaller than 
that of Fig. 1. Nevertheless, this difference suggests that the threshold dose for the 
phase of stimulation is lower than that for the phase of relaxation. The suggestion 
is supported by two other tracings in which there is an increase in the rate of propul- 
sion in response to small doses preceded by an insignificant relaxation. 


In Figs. 2, 3, and 4 are shown the results of intravenous injections, into another 
dog, of 36 milliunits/kg. pituitrin, 36 milliunits/kg. pitocin, and 18 milliunits/kg. 
pitressin respectively. The tracings show that pituitrin increased the rate of 
propulsion (Fig. 2) but that an equivalent dose of pitocin had no significant effect 
(Fig. 3). Half the dose of pitressin, on the other hand, caused a substantial increase 
(Fig. 4). Fig. 2 shows, also, an artifact caused by-a sudden attempt by the dog to 
get up from the bench. Similar attempts to rise were occasionally made by. other 
dogs after pituitary injections, and were probably the result of an impulse to defaecate. 
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Fic. 2.—Action of pituitrin on a jejunal loop in another male dog. At A, 0.5 U. pituitrin (— 36 mU./ 
kg.) was injected i.v., causing an increase in the amplitude of contractions and the rate of 
propulsive work, which lasted from the Sth to the 12th min. after the injection. The phase 
of increased activity was preceded by a slight reduction in amplitude and propulsive rate. 
The inflow reservoir was 9 cm., the outflow recorder 10 cm., above the cannulae. Mean rate 
of propulsive work (g.cm./min.) for the 12 min. before injection, 1.9; for the 12 min. after 
injection, 3.9; and from the 13th to the 23rd min. after injection, 2.2. 


The action of pituitrin was compared with that of physostigmine on intestinal 
propulsion. The effect of a small dose of physostigmine is shown in Fig. 5. At 
A, 6.8 »g./kg. was injected intravenously. There followed an immediate expulsion 
of fluid from both ends of the loop, as shown by the rise of the second lever indicating 
a regurgitation of fluid from the oral end of the loop back into the inflow reservoir. 
The period of increased tone lasted for 15 min. and was followed by a phase 
of greatly increased propulsive activity, lasting 37 min. The rate of work for the 
15 min. before the injection was 4.6 g.cm. per min. During the phase of 
increased propulsion the rate was 9.7 g.cm. per min. From the 70th to the 82nd 
minute the rate was 5.5 g.cm. per min.—i.e., approximately the same as before the 
injection. Subtracting from the total propulsive work done during the 70 min. 
after the injection, the amount of work which would have been expected if the 
“control ” level had persisted throughoyt, there was an absolute increase of 98 g.cm. 
propulsive work done as a consequence of the action of the drug. 
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Fic. 3.—Pitocin, 0.5 U. (— 36 mU./kg.) was injected intravenously at A into the same dog used 
for the experiments recorded in Figs. 2 and 4. No effect on the motility of the loop was detect- 
able. The inflow reservoir was 8.5 cm., the outflow recorder 10 cm., above the cannulae. 
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Fic. 4.—Effects of pitressin on jejunal loop. The intravenous injection of 0.25 U. pitressin 
(= 18 mU./kg.) at A caused a preliminary relaxation of the loop lasting 4 min., which was 
followed by a phase (also lasting 4 min.) of contractions of far greater amplitude and a higher 
rate of fluid propulsion. The inflow reservoir was 8.5 cm., the outflow recorder 10 cm., above 
the cannulae. Mean rate of propulsive work (g.cm./min.), for the 24 min. before injection, 2.6; 
for the 8 min. after injection, 4.4; and from the 9th to the 37th min. after injection, 2.4. 
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Fic. 5.—Effects of physostigmine on motility of jejunal loop. Before the injection, the loop was 
doing propulsive work at a mean rate of 4.6 g.cm./min. At A, 75 ug. of physostigmine sulphate 
(= 6.8 yg./kg.) was injected subcutaneously. After a delay of 4 min., the rhythmical 
contractions became reduced in amplitude and the rate of propulsion much diminished (lowest 
tracing) as the result of an increase in the tone of the loop, fluid being regurgitated from the 
oral end of the loop into the inflow reservoir, and causing the second tracing to run into the first. 
At B, the inflow recorder was readjusted by removing 5 ml. fluid. The phase of increased tone 
and reduced propulsion lasted 29 min. and was followed by a great increase in the rate of 
propulsive work to 9.7 g.cm./min. for 40 min. The inflow recorder was reset by the addition 
of 5 ml. at C and 3 ml. at D. 


DISCUSSION 


The results show that the pressor fraction of extracts of the posterior lobe of the 
pituitary contains a substance which causes the small intestine of the dog to perform 
more propulsive work than it was doing before injections of the drug. The 
intestinal preparations used are admittedly abnormal in that the segment perform- 
ing work has been separated from continuity with the rest of the alimentary canal, 
and such a separation has been shown by Douglas (1949) to reduce the frequency of 
contractions, probably by the interruption of descending “ pace-maker ” impulses. 
In other respects the preparations approach physiological conditions. The dogs are 
unanaesthetized ; the blood supply and central innervation of the loop are intact, and 
the contents of the loop are Tyrode solution at body temperature, admitted under 
moderate pressure. Preparations of this kind have been studied in more than 20 
dogs over the past two years, and have been found to work rhythmically for hours 
at a rate which is remarkably constant from day to day. Increasing the pressure 
of the entering fluid increases the rate of work (Streeten and Vaughan Williams, 
1951), and the actual rate and rhythm adopted are presumably the resultant of 
numerous central and peripheral self-adjusting mechanisms, any of which might be 
altered in one direction or another by the injection of a drug, the others then accom- 
modating themselves to the alteration. 

A strip of muscle contracting in an isolated organ bath is liberated from influences 
normally reaching it from other parts of the body, and its behaviour in response to 
a drug in vitro may be different from that which would result if the other influences 


KY 
\ i 








a ee Ce 


etna: 























POSTERIOR PITUITARY ON INTESTINAL PROPULSION 55 


were still present. For example, it is well known that the effectiveness of physo- 
stigmine as a stimulant of intestinal propulsion in vivo is extremely disappointing 
when judged from what might have been expected from its action in vitro. It may, 
therefore, have an action elsewhere in the body, for instance upon an automatic 
centre in the brain, which is relayed to the intestine by other mechanisms in part or 
temporarily cancelling its direct effect as observed in vitro. Thus a drug which 
predominantly “stimulates ” in vitro could be “ inhibitory ” via different mechanisms 
in vivo. 

There is a second difficulty in applying the words “ stimulating ” or “ inhibitory ” 
to drugs. The terms can be particularly misleading when the activity stimulated or 
inhibited is measured by an apparatus such as a balloon within the lumen of the 
bowel. For example, an immediate relaxation after the injection of a drug 
(= inhibition) could well be an instance of reculer pour mieux sauter, to be followed 
by contractions which, even if in life they possessed greater propulsive force, could 
not be distinguished by the balloon from other sorts of contraction. 

Physostigmine, like pituitrin, also increases the absolute amount of work done by 
intestinal segments in vivo. Like pituitrin, also, its injection is followed by an 
immediate but temporary phase of “ inhibition.” The interesting point is that, during 
this temporary phase of reduced propulsion, the state of the gut is the exact opposite 
to that which exists after pituitrin. For whereas, after pituitrin, the loop dilates 
and fills during the phase of quiescence, after physostigmine it at first constricts and 
empties, for a length of time which depends both upon the amount of drug given 
and upon the pressure of the inflowing fluid. 

The disagreements about the action of pituitary preparations upon intestinal 
motility can now be discussed in the context of the results presented here. There 
has been general agreement that in dogs, in rabbits, and in man injections of 
pituitrin and pitressin are often followed by defaecation. Melville (1936) reported 
defaecation by dogs after pitocin also. The first point of controversy which arose 
concerned the action of the extracts in vitro. It was shown that, when the com- 
plicating factors of unphysiological pH and adulteration by preservatives were con- 
trolled and eliminated, there was still present a substance which increased the 
amplitude of contractions of intestinal segments in vitro, contained mainly in the 
pressor fraction. 

The second question concerned species differences. In man, dogs, and rabbits 
there was no doubt of the increased size of contractions, but cats were less sensitive. 
That cat gut also would, in fact, contract in response to pituitary extract was shown 
by Steggerda et al. (1938). 

Thirdly, there was some disagreement about the sensitivity of different parts of 
the bowel. Most observers found some increase in activity by various methods of 
recording in some part of the colon, but many failed to demonstrate any such effect 
in the small intestine. It would, @ priori, require convincing evidence that the 
reaction of the intestine on the near side of the ileocaecal valve was different from 
its reaction on the far side. On the other hand, it is well known that there is a 
gradual change from the oral to the aboral end of the intestine in certain physio- 
logical activities, for example, in the natural frequency of contractions (Alvarez, 
1914) from 17.5—21 per minute in the duodenum to 10-12 per minute in the lower 
ileum. Elsom, Glenn, and Drossner (1939), recording contractions of different parts 
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of the bowel by means of Miller-Abbott tubes swallowed by human subjects, did 
in fact find a progressive increase in sensitivity to pituitary preparations as they 
proceeded from the jejunum to the colon. Our own results show an unequivocal 
response by the jejunum of the dog. 

Fourthly, the presence of a preliminary phase of relaxation probably accounts 
for the classification of pituitary extracts as having an “ inhibitory ” action on the 
bowel. Although Gruber and Pipkin (1930), quoting Gruber and Robinson (1929), 
state that these authors found pituitary extracts caused “a decrease in tone and 
general force of contractions in Thiry-Vella loops in dogs,” examination of Gruber 
and Robinson’s paper reveals that after pituitrin and pitressin the phase of relaxation 
was often followed by “tonus waves” and contractions of increased amplitude. 
Similarly, although Quigley and Barnes (1930) emphasize that injections of pituitrin 
reduced the size of bowel contractions (measured with balloons), their tracing depict- 
ing the activity of the gut after “recovery ” from the inhibition shows contractions 
which are larger than those in the control section before the injection. 

The actual rate of propulsive work rhythmically maintained by a segment of 
intestine, although it remains remarkably constant for hours at a time, is the resultant 
of stimulation and inhibition by numerous agencies, known and unknown. Among 
the known factors which influence activity are the pressure and the temperature 
of the admitted fluid ; the oxygenation of the blood ; the concentrations of electro- 
lytes in the plasma ; the intrinsic activity of the muscle itself; impulses from the 
vagi and sympathetic nerves, which are themselves controlled by emotional influences 
as well as functional reflexes ; the activity of the network of ganglia in the intestinal 
wall itself. It must, therefore, be by a continual adjustment of interacting influences 
that so constant a level of activity is maintained. The rhythmicity, of course, sug- 
gests the regular growth and decay of metabolic processes which influence one 
another. If one of these is interrupted or accelerated by the action of a drug, the 
others accommodate themselves to the changed situation, and the rate of work at 
which activity is “reset” in response to the new conditions may be greater or may 
be less than before the intervention. Thus, after pituitrin, a period of dilatation is 
followed by an absolute increase in the amount of propulsive work done ; after 
physostigmine, a period of constriction is followed by an increase in the amount 
of work ; and after morphine (Vaughan Williams and Streeten, 1951) a period of 
constriction is followed by a decrease in the propulsive work done. Thus the imme- 
diate response of the intestine to a drug, during the period in which the organism 
as a whole is adjusting itself to the changes produced by it, is not correlated to its 
ultimate response in terms of the amount of propulsive work finally produced. 


SUMMARY 


1. An anomaly has long existed in that posterior pituitary extracts, which had 
been shown to cause defaecation in rabbits, dogs, and man, and to hasten the pro- 
pulsion by the small intestine of radio-opaque meals, had been found by many 
workers, mainly using methods employing intraluminal balloons, to have a pre- 
dominantly relaxant action on the intestine. 

2. A recently described method has been employed to demonstrate the mode of 
action of pituitrin, pitocin, pitressin, and physostigmine upon the propulsive efficiency 
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of segments of jejunum in conscious dogs. The method makes use of cannulated 
Thiry-Vella loops, and permits the simultaneous measurement of the amplitude of 
contractions at both ends of the loop, the state of constriction or relaxation of the 
loop, and the rate of transport of Tyrode solution against a known pressure. From 
these measurements the actual amount of propulsive work done by the loop can be 
calculated. 


3. Pituitrin and pitressin both caused absolute increases in the amount of pro- 
pulsive work done. Equivalent doses of pitocin had no effect. 


4. Pituitrin and physostigmine both caused an absolute increase in propulsive 
work done, but in each case the phase of increased activity was preceded by a 
period of reduced propulsion. Whereas, however, after pituitrin the loop was in a 
state of dilatation during the quiescent phase, after physostigmine it was in a state 
of constriction. 


5. Past work concerning the effects of these drugs upon the intestine is discussed, 
and an interpretation of their mode of action is offered which would be consistent 
with all the evidence from which conflicting conclusions have sometimes previously 
been drawn. 
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Recently an investigation was published of the effect of x-irradiation on the 
pressor amines in the adrenal medulla (Anderson, Blaschko, Burn, and Mole, 1951). 
In the course of this work the effect of x-irradiation in causing changes in the intes- 
tine was noted. The rats suffered from diarrhoea, which indicated increased motility 
of the intestines, while, on the other hand, when the rats were killed at the end of 
72 hr., the lower bowel appeared to be distended and flaccid. We decided to inves- 
tigate the response of isolated loops of intestine taken from rats after irradiation in 
order to see if there was any change in their contractile response to acetylcholine and 
to histamine. We now describe this work in which we found that isolated loops of 
intestine show changes in response to the stimulant action of acetylcholine after 
irradiation, but not in response to histamine. Since the effects observed might be 
due to a change in the amount of cholinesterase, we made determinations of the 
amounts of this enzyme, and found changes in this also. 


METHODS 


Irradiation of the rats——Male albino rats from an inbred laboratory stock were 
irradiated singly or in pairs in an aluminium box. Treatment factors were 240° kv. 
15m. amp. H.V.L. 1.14 mm. Cu ; tube distance 70 cm., dose rate 42 r./min. The field 
was uniform to + 3 per cent. Total dose 1,000 r. The rats weighed from 250 to 350 g., 
and were usually litter mates. ‘ 

Reaction of loops of intestine to acetylcholine——Some of the rats which had been 
irradiated were killed 24 hr. later, some 48 hr. later, and some 72 hr, later. When an 
irradiated rat was killed, a control rat was killed at the same time, and the responses of 
corresponding loops of intestine to acetylcholine and to histamine were compared. From 
each rat one loop of duodenum was taken, three loops from the jejunum and ileum, and 
one loop from the colon. 

The ileum terminates in the side of the caecum and the distal end of the caecum is 
continued as a portion marked by oblique striations; this in turn is contimued as a 
mainly muscular part about 5 cm. long containing the usual faecal pellets which the rat 
discharges. Under the heading of colon the observations which are recorded were made 
on the final portion. 

Each loop was suspended in an isolated organ bath containing oxygenated Locke’s 
solution at 36° C., and its contractions were recorded. The smallest amount of acetyl- 
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choline was determined which, when added to the bath, was sufficient to cause a con- 
traction. Similarly, the size of the contraction as recorded on the drum, which was 
produced by each of three fixed doses of acetylcholine, was determined. In taking loops 
the length of the unstretched gut was always as near to 4 cm. as possible. The lever was 
weighted in the same way throughout the experiments, so that the effect of fixed doses of 
acetylcholine on loops from control and irradiated rats could be compared directly. 

As was to be expected, there was variation in the responses of the loops of intestine 
from different control rats, and it was for this reason difficult to be sure of differences 
between irradiated and control rats. However, the observations on the jejunum and 
ileum were made on three loops, so that the mean result given by the three loops of each 
irradiated rat was compared with that given by the three loops of each control rat. Thus 
more confidence could be placed in differences observed in the jejunum and ileum than 
in differences observed either in the duodenum or in the colon. Similar observations to 
those made with acetylcholine were also made, using histamine. 


RESULTS 


Change in threshold doses——The changes in the threshold doses produced by 
irradiation are shown in Table I, which is a frequency table. Under the heading 
“ duodenum ” the threshold doses were between 0.005 and 0.01 yg. in 4 control rats, 
and between 0.01 and 0.02 yg. in 3 control rats ; finally in 1 control rat it was between 
0.08 and 0.16 ng. In rats killed 24 hr after irradiation the threshold dose was between 
0.002 and 0.005 yg. in 1 rat, between 0.005 and 0.01 vg. in 1 rat, and between 0.01 
and 0.02 yg. in 1 rat. . 


TABLE |! 
FREQUENCY TABLE OF THRESHOLD VALUES FOR ACETYLCHOLINE 


Each column heading is the dose of acetylcholine (ug.) in a 15-ml. bath. The number 
under the heading is the number of animals in which the threshold dose was equal to, or 
less than, the column heading 
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Table I shows quite clearly the lowering of the threshold doses in jejunum and 
ileum 48 hr. after irradiation. The threshold doses for 8 control rats, from each of 
which 3 loops were examined, were in the range 0.08-0.16 ,»g., but those of the 
irradiated rats were 0.02 pg. or lower. The results in jejunum and ileum at 24 hr. 
after irradiation already showed some sign of this increased sensitivity, so marked 
at 48 hr. At 72 hr. there was still increased sensitivity in 3 out of 4 rats. 

The differences were less in the duodenum. One out of 3 rats was more sen- 
sitive at 24 hr., 2 out of 3 were more sensitive at 48 hr., and 1 out of 4 was more 
sensitive at 72 hr. In the colon 2 out of 3 were more sensitive at 24 hr., 1 out of 3 
at 48 hr., but 0 out of 3 at 72 hr. 


Changes in response to fixed doses.—The changes in the response to fixed doses 
are shown in detail in Tables II and III, in which the results for each irradiated rat 
are placed beside those of the control rat, which was examined at the same time. 
Table II shows that at 24 hr. after irradiation there was no increase in the response 
either in the duodenum or in the jejunum and ileum. There was, however, an 
increased response in the colon in each of the three experiments. There was con- 
siderable variation in the responses of the control rats, the responses being much 
bigger in Exp. 7 than in Exps. 4 and 8. This variation may have been due to slight 
differences in the composition of the Ringer’s solution or in the temperature or in 
the degree of oxygenation. Consequently the responses in the irradiated rats should 
be compared with those of the control rats in the same experiment where such 
differences did not arise, and not with those of control rats in other experiments. 

At 48 hr. after irradiation there was an increased response to all doses of ACh in 
all three experiments in the duodenum, and in all three experiments in the jejunum 
and ileum. In the colon there was an increase in two experiments, but a decrease 
in Exp. 3 (Table II). 

At 72 hr. after irradiation the response to fixed doses was less in the jejunum and 
ileum and colon than in the control rats. The only remaining sign of increased 
response was in the duodenum, when the lower doses of ACh were used (Table II): 

The general picture presented by the results to fixed doses, therefore, was, first, of 
an increased sensitivity after 24 hr. to be observed in the colon but not elsewhere in 
the intestine ; second, of an increased sensitivity after 48 hr. to be observed through- 
out the duodenum, jejunum, and ileum, but not present in all animals in the colon ; 
third, of a disappearance of this increased sensitivity after 72 hr. 


Sensitivity to histamine-—No changes in sensitivity to histamine were observed. 


Changes in cholinesterase—In view of these findings of the change in the res- 
ponse to acetylcholine, we decided to investigate changes in cholinesterase, since the 
increase in sensitivity to acetylcholine might be due to a diminution in the amount 
of one of the cholinesterases. Changes in sensitivity to acetylcholine were not always 
present at 24 hr., and then only in the colon ; we therefore first made examinations 
at 48 hr. in jejunum and ileum. 


Method.—Each rat was killed by a blow on the head, and the carotid arteries were 
cut. In ileum preparations the upper end of the piece taken was about 7 cm. from the 
pyloric sphincter ; a piece about 20 cm. long was removed and quickly put into 0.9 per 
cent saline. This piece was cut into approximately 4 cm. lengths, and these were used 
alternately for the whole extract and muscle layer. Each piece was slit open and 
carefully washed with saline ; the surface moisture was removed with filter paper, and 
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TABLE II 


RESPONSES TO FIXED DOSES OF ACETYLCHOLINE 24 HR. AND 48 HR. AFTER IRRADIATION 





24 hr. after irradiation | 48 hr. after irradiation 





















































Part of | Acetylcholine | — - | ———__— 
intestine pg. Contraction in mm. Contraction in mm. 
| | Exp. |———— — Exp. | 
| | | Control | Irradiated | | Control | Irradiated 
Duodenumi. . | 0.1 | | 10 | 3 | | 6 | 14 
| 0.2 1 4 | 15 6 | 2 | 8 | 25 
1.0 | 21 Mo | | 13 | 46 
0.1 4 | 6 | } 3 | 19 
0.2 | * i. ee | 3 6 | 28 
10 | 38d} 4 | 10 34 
0.1 | 43 | 45 | 4 20 
0.2 | 8 22 | #2 | 5 | 8 32 
1.0 48 | 35 16 47 
Jejunum and | 0.1 2 2 | 2 7 
ileum _.... | 0.2 4 3 3 2 | 3 8 
1.0 5 5 | 4 12 
oe “’ 6 | | 4 | 9 
0.2 7 6 12 3 | 3 | WU 
1.0 11 22 | 6 | 17 
0.1 2 3 | os. ) + 
0.2 8 , | 4 | § > | wi 
1.0 4 | 7 | 10 16 
Colon 0.1 oO |; 5s | | 0 13 
0.2 4 0 | 10 | 2 | Oo 23 
10 2 38 | 4 | 35 
0.1 18 53 | £2) -@ 
0.2 7 36 6. | 3 3 | O 
1.0 52 100 |. 15 2 
o* | | 7 | 26 | ; 32 28 
0.2 4 9 4l 5 17 45 
1.0 
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the tissue weighed. In the extracts of muscle coat alone the mucous membrane was 
removed with a scalpel until a more transparent layer was left. The tissue was put into 
a previously cooled mortar, cut up with scissors, and quickly frozen to —15° C. When 
it was completely frozen it was ground up until it thawed again. A small amount of 
silica was added to complete the grinding, and 10 ml. of Krebs’s bicarbonate Ringer was 
added to each gramme of tissue. The extracts were stored at —15° C. until used. In the 
later experiments the extracts, prepared as above, were finally placed in a small glass 
homogenizer to obtain a more uniform extract ; the results obtained with these extracts 
were more consistent than the earlier ones. 

The extracts of colon were made in the same way ; a strip from below the obliquely 
striated part was taken ; observations were made from whole extracts only in this region, 
owing to lack of sufficient material to study muscle separately. 
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TABLE III 
RESPONSES TO FIXED DOSES OF ACETYLCHOLINE 72 HR. AFTER IRRADIATION 
In Exp. 1 the letters (a), (b), and (c) indicate strips from different rats 





, i in mm. 
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The activity of the preparation was measured by the Warburg technique ; all experi- 
ments were repeated, either at the same time (if the flasks were being duplicated) or in a 
separate experiment. The activity was expressed as millilitres of CO, evolved per hour 
per gramme of wet tissue. The substrates used were acetylcholine bromide, benzoyl 
choline chloride, and acetyl-8-methylcholine chloride (mecholy]). 

Both substrates and enzyme extracts were made up in Krebs’s bicarbonate Ringer, and 
the gas mixture used was 95 per cent nitrogen, 5 per cent CO.,,. 

The flasks were set up as shown in Table IV ; the spontaneous hydrolysis of the sub- 
strate was not determined in the routine experiments, as it would not affect direct com- 
parisons between control and irradiated rats. Acetylcholine and benzoylcholine were 
used in a final concentration of 0.015 molar, and acetyl-8-methylcholine in a concen- 
tration of 0.03 molar. 
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is TABLE IV 
e ARRANGEMENT OF MANOMETER EXPERIMENTS 
2 l ] | 
, Thermo- | Enzyme | Reaction | Enzyme | : | Enzyme Reaction 
t barometer} blank I | I | blank IT mune 5 | blank it | III 
3.0 ml. 0.2 ml. extract (= 20 mg.) 0.4 ml. extract (—40 mg.) | 1.0ml.extract (= 100mg.) Minin 
water +2.5 ml. bicarbonate +2.3 ml. bicarbonate | +1.7 ml. bicarbonate Guuk 
Ringer Ringer | Ringer 
| 0.3 ml. 0.3 ml. 0.3m). . 0.3 mi. | 0.3 ml. 0.3 ml. 
— bicarbonate | 0.15mM ACh | bicarbonate | 0.15m benzoyl-| bicarbonate | 0.3m acetyl- | Side 
Ringer bromide Ringer choline Ringer B-methyl- { bulb 
chloride | | choline 














Results at 48 hr—When the substrate used was either acetylcholine or benzoyl- 
choline, the activity of the irradiated tissue at 48 hr. was in every experiment appre- 
ciably less than that of the control tissue (see Table V). The mean results for the 
irradiated tissue were all between 40 and 65 per cent of the control results. 

There was no similar change in the irradiated tissue when acetyl-8-methylcholine 
was used as a substrate ; the mean result was 103 per cent for the whole intestine and 
124 per cent for the muscle coats only. The conclusion can therefore be drawn that, 

; both in the irradiated intestine taken as a whole and the muscle coats alone, there 












































TABLE V 
CHOLINESTERASE ACTIVITY AT 48 HR. IN JEJUNUM AND ILEUM 
| ml. CO, per g. wet tissue per hr. 
Substrate | Whole gut | ’ Muscle only 

| Control Irradiated Control | Irradiated 
Acetylcholine... .. | 14.4 | 9.2 | ja = 
| 20.3 8.6 13.6 | 8.4 
18 8 5.7 13.1 9.1 
= 16.1 8.0 | 10.2 8.7 
12.8 4.7 | 14.5 6.7 

Mean ..| 16.5 7.2 | 128 82. 
Benzoylcholine | 5.3 2.2 sal a 
5.4 2.1 3.2 1.6 
4.1 1.4 2.8 1.5 
4.8 2.4 3.2 1.4 
3.6 1.3 4.3 a3 
Mean | 4.6 | 1.9 3.4 1.7 
Acetyl-8-methylcholine 0.9 Ls — — 
1.6 1.5 1.0 1.7 
2.1 11 1.4 1.7 
2.1 1.4 1.4 1.6 
| 0.5 0.9 1.1 1.1 
Mean 1.4 | 1.2 | 1.2 1.5 

| 
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was a consistent fall in the “ pseudo” or “non-specific” cholinesterase, but no 
similar change in the “ true ” or “ specific ” cholinesterase. 

Table V shows considerable variation in the figures for whole gut when acetyl- 
8-methylcholine was used. This variation may have been due to the variable destruc- 
tion of “ true ” cholinesterase by the proteolytic enzymes present in the mucosa. 

Changes at 24 hr.—A similar number of experiments were carried out 24 hr. after 
irradiation, the jejunum and ileum being examined in suspensions of the whole intes- 
tine and also of the muscle coats only ; a suspension of the whole colon was also 
examined. We expected to find no change in the cholinesterase present in the 
jejunum and ileum, but we expected a fall in the cholinesterase present in the colon. 
In fact there appeared to be a slight change in both parts of the intestine. In Table 
VI the mean results of seven experiments are given. 


TABLE VI 
CHOLINESTERASE ACTIVITY OF IRRADIATED TISSUES 
Mean results of seven experiments after 24 hours’ irradiation 





| 
| Cholinesterase activity as percentage of control for different 
substrates 





Part of intestine — — — 
| Acetyl-8-methylcholine 


Acetylcholine Benzoylcholine 





Whole | Muscle 7 Whole | Muscle ~ Whole | Muscle 





Jejunum and ileum ie 85 | 102 87 101 143 128 
Colon - KS oa 94 _— 85 _— 115 — 














The figures in Table VI suggest some fall in the “ pseudo” or “ non-specific ” 
cholinesterase when a suspension of the whole intestine was used, but not when a 
suspension of muscle coats only was used. The fall is, however, slight, and little 
importance would be attached to it but for the evidence of the fall at 48 hr., which 
adds probability to the existence of a smaller fall at 24 hr. 


DISCUSSION 


The experiments described in this paper were undertaken because observation of 
the alimentary tract of irradiated rats showed that it was affected by the irradiation. 
By examining strips of intestine in an isolated organ bath we found that at the end 
of 24 hr. the colon gave a supernormal response to acetylcholine, and that at the end 
of 48 hr. the duodenum, the jejunum, and the ileum showed a similar change. At 
48 hr. the increased responsiveness of the colon was no longer seen in some of the 
rats. 

Since we observed no corresponding changes in the reaction of the gut to hist- 
amine, which might have indicated an increased excitability to all stimuli, we 
examined intestinal loops of irradiated rats for the two forms of cholinesterase, 
because it was clear that an increased responsiveness to acetylcholine alone might 
be due to a diminution in cholinesterase. We found a diminution in the amount of 
“pseudo” or “non-specific” cholinesterase in all pieces of jejunum or ileum 
examined 48 hr. after irradiation, the dtop being to about half the value in the 
controls. The fall in cholinesterase was evident not only in suspensions prepared 
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from the whole intestine, but also in those prepared from the muscle coat only. 
There was no change in the amount of “ true ” or “ specific ” cholinesterase. When 
strips of colon or of ileum were examined 24 hr. after irradiation, the mean results 
indicated a slight fall in the “ pseudo” cholinesterase present in suspensions of 
both colon and ileum, but not in suspensions of muscle coat only. 

Acetylcholine is continuously produced in the wall of the intestine by choline- 
acetylase of non-nervous origin, as Feldberg and Lin (1950) have shown. The 
function of this acetylcholine is, they say, to provide a background of tone and 
rhythmic movements necessary for initiation of the peristaltic reflex, and also to 
act as a physiological stimulus for the continuous secretion of succus entericus. 
The correlation between the increased responsiveness of strips of intestine to acetyl- 
choline and the fall in “ pseudo ”-cholinesterase which we have found is strong 
evidence that in the intestine it is “ pseudo ” or “ non-specific ” cholinesterase which 
destroys the acetylcholine which is formed. Recently Koelle, Koelle, and Frieden- 
wald (1950) have come to the same conclusion as a result of work on the isolated 
cat’s ileum, in which they used diisopropylfluorophosphonate (DFP) to inhibit cholin- 
esterase. They determined the degree of inhibition by histochemical methods, and 
they found that concentrations of DFP having little or no “ effect on specific ChE 
(cholinesterase) but markedly inhibiting non-specific ChE (cholinesterase) produced 
increases in tonus and occasionally in the amplitude of contractions.” 

How irradiation reduces “ pseudo ”-cholinesterase in the intestine we cannot say. 
Changes in the amount of “ pseudo” or “non-specific” cholinesterase in various 
organs, particularly the liver, and the plasma of rats, have been described by various 
workers. Everett and Sawyer (1946a) demonstrated that ovariectomy caused a rapid 
decline in the content of this enzyme in the serum to a level a little above that found 
in males, whereas castration in the male caused a rise up to this level. When an 
oestrogen was given there was a rise in the serum cholinesterase activity, whereas 
testosterone caused a fall. Sawyer and Everett (1947) concluded that the liver was 
the main site of synthesis of “non-specific ” cholinesterase, and they discussed its 
distribution in different organs. The importance of the thyroid hormone was shown 
by Hawkins, Nishikawara, and Mendel (1948). They found that thyroidectomy 
doubled the amount Of pseudocholinesterase in male rat plasma, and that the adminis- 
tration of thiouracil almost trebled it. Thyroxine administration, on the other hand, 
reduced it to about 70 per cent of the normal amount. These changes occurred with- 
out any corresponding change in “ true ” cholinesterase. Everett and Sawyer (1946b) 
showed that the effect of oestrogens was exerted by way . the anterior lobe of the 
pituitary, and it is possible that the changes in “ pseudo ” or “ non-specific ” cholin- 
esterase which follow changes in the amount of thyroid hormone are also secondary 
to an effect on ge anterior lobe. 

If “ pseudo ” or “ non-specific ” cholinesterase is synthesized in the liver, it seems 
likely that the Pa of irradiation may be primarily on the liver. If the synthesis 
in the liver is controlled by the anterior pituitary, the effect of irradiation may be 
part of the reaction of the anterior pituitary to the “stress” produced by the 
irradiation. 

In conclusion it may be noted that Harrison and Brown (1951) have studied the 
effect of starvation on the pseudocholinesterase activity of the liver and serum of rats ; 
they found that in female rats there was a rapid fall in the liver even in so short a 
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period as 24 hr., and a further fall at the end of 48 hr. In male rats, however, there 
was very little change, and in the present investigation only male rats were used. 


SUMMARY 


1. Since x-irradiation causes obvious changes (e.g., diarrhoea) in the intestinal 
tracts of rats, an investigation was made of the responses of isolated loops of intes- 
tine taken from irradiated rats to acetylcholine and histamine. 

2. Increased responses were observed to acetylcholine in the colon 24 hr. after 
irradiation. Increased responses were likewise observed in the duodenum, 
jejunum, and ileum after 48 hr. No similar changes in response to histamine were 
observed. 

3. The cholinesterase activity was determined in loops of intestine from irradiated 
rats. After 48 hr. the amount of “ pseudo” or “ non-specific” cholinesterase was 
found to have fallen to about half in the jejunum and ileum, this being true of 
suspensions of the whole gut and of muscle coats only. There was no fall in “ true ” 
or “ specific ” cholinesterase. 

4. Some fall in “ pseudo ”-cholinesterase was already evident in both colon and 
ileum 24 hr. after irradiation. 


We thank Dr. L. A. Stocken for help and advice. 
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Acetylcholine is established as a substance which is released at nerve terminations 
to initiate the contractions of skeletal muscle and to augment the contractions of 
some forms of smooth muscle. Evidence has also been obtained that the capacity of 
the isolated auricles of the rabbit heart for maintaining rhythmic activity is closely 
related to the rate of synthesis of acetylcholine within the auricles (Biilbring and Burn, 
1949), and thus the suggestion has arisen that acetylcholine may act asa local hormone 
to maintain rhythmic movement. The work of Feidberg and Lin (1950) indicates that 
the formation of acetylcholine in the intestine maintains pendular movement and 
mucous secretion. If acetylcholine, in addition to being the humoral transmitter of 
nervous impulses, is also a substance which controls rhythmic movement in various 
types of muscle, then it might be possible to demonstrate that the activity of the 
ciliary epithelium is related to acetylcholine production. To test this suggestion we 
have carried out experiments on the ciliary movement in the oesophagus of the 
p.thed frog and also in the excised trachea of the rabbit. 

Early observations on the ciliary movement in the dog’s trachea in situ were 
made by Lommel (1908). He determined the rate of transport of lycopodium seeds, 
which he found to be about 0.33-0.5 mm./sec. He observed that cocaine in 10 per 
cent solution did not affect the rate until sufficient was absorbed to produce anaemia, 
and then the rate was slowed to less than 0.1 mm./sec. Lommel recorded that the 
section of both vagi had no effect on ciliary movement, which continued unmodified 
after denervation. Rozansky (1926), however, stated that although ciliary move- 
ment is autonomous, it can be increased by vagal stimulation. Most of the obser- 
vations on the effect of stimulation of autonomic nerves or on the application of 
autonomic drugs on ciliary movement have been made on frogs. McDonald, Leisure, 
and Lenneman (1928) stated that stimulation of sympathetic fibres accelerated and 
that stimulation of parasympathetic fibres inhibited the movement of the cilia in 
the mouth of the frog. They found in accordance with this that adrenaline and 
ephedrine accelerated ciliary movement, and that pilocarpine inhibited it ; the effect 
of atropine was sometimes in one and sometimes in the other direction. Pohle (1931) 
obtained results with adrenaline, which varied according to the temperature ; thus at 
16° C. it depressed ciliary movement, but at 29° C. it quickened it. Choline, on the 
other hand, quickened ciliary movement at 16° C., but depressed it at 29° C. 
Pohle also observed that atropine inhibited ciliary movement. Plattner and Hou 
(1931) found that 10* or 10° acetylcholine quickened ciliary movement and 
10° choline also had a slight accelerator action. Eserine (10%) had no effect or 
caused some inhibition, but when combined with 10°° acetylcholine it caused an 
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acceleration of ciliary movement greater than that due to 10°’ acetylcholine alone. 
Plattner and Hou also found atropine to be without effect by itself, but in a concen- 
tration of 10° it prevented the effect of acetylcholine and of pilocarpine ; they found 
that 10°’ adrenaline caused acceleration, and this was also prevented by atropine. 

In 1934 Lierle and Moore studied ciliary movement in the intact turbinate of the 
guinea-pig, in mucosa from the dog’s nasopharynx, and in pieces of mucosa from the 
human frontal sinus. When such pieces were placed at once in Locke’s solution, 
and irrigated with it, ciliary movement was vigorously maintained for 77, hr., and 
there was still some activity at 121 hr. The prolonged washing with Locke’s solution 
resulted in the removal of the protective mucous sheet, but they state that it did 
not impair the activity of the cilia. The application of cocaine in 5 per cent solution 
slowed ciliary movement in only 4 out of 13 trials. Adrenaline (10) caused arrest 
or slowing of the movement. 

Recently Blaich and Klar (1950) have studied ciliary movement in the frog’s 
oesophagus in order to determine the action of penicillin. They examined eserine 
in a concentration of 10%, and found it to have no effect or to be inhibitory, but 
together with penicillin there was a 35 per cent increase in rate. Penicillin alone 
had a slight augmenting action, and this was cut short by giving atropine, together 
with the penicillin. Penicillin, together with adrenaline, as well as with acetylcholine, 
likewise increased the rate, and this effect was also cut short by atropine. Both 
adrenaline and acetylcholine were found to increase the rate. Finally Seaman and 
Houlihan (1951) have studied the effect of eserine and of DFP on the mobility of 
Tetrahymena, and also on the rate of movement of carborundum particles in the 
frog oesophagus. These anticholinesterases in a concentration of 10° m immobilized 
an increasing percentage of Tetrahymena and slowed the rate of ciliary movement 
in the frog oesophagus. The authors failed to observe any accelerating action of 
eserine. 


OBSERVATIONS ON CILIARY MOVEMENT 
METHODS 


Frog’s oesophagus.—The preparation was made by passing one blade of a pair of 
scissors into the mguth of the frog so as to cut off the head, leaving the floor of the 
mouth and lower jaw intact. The spinal cord was destroyed and the frog pinned on a 
cork mat, dorsal surface uppermost. The skin of the back was divided down the midline, 
and the posterior body wall was removed by cuts parallel to the midline for 3 cm. The 
oesophagus was thus exposed and was opened dorsally from the buccal cavity to the 
stomach, It was laid out so that its inner surface was nearly horizontal, using one or 
two pins. The cork mat with the frog was then placed in a perspex chamber and 
covered with a perspex lid. A piece of cotton-wool on which hot water was poured to 
keep the air moist was placed on each side of the frog. There was a small slot in the 
lid at right angles to the midline of the oesophagus, and small particles, the movement 
of which was to be observed, were dropped on to the oesophagus through the slot. We 
used poppy seeds, selected by passing them through a sieve of mesh 40, and then 
retaining those which would not pass through a mesh 60. A line marked on the perspex 
lid indicated the distance to be travelled by the particles. We used a distance of 8 mm. 


Recording ciliary movement.—The preparation was irrigated at intervals of 5—20 min. 


with diluted Locke’s solution (10 vol. solution to 14 vol. distilled water). Readings con- 
sisted in taking the time for 10 seeds to travel the 8 mm. distance, from which the mean 
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time was calculated, and from this the distance travelled in 100 sec. was further calculated. 
When determinations of the rate of transport had thus been made for a period of 30-40 
min., the oesophagus was irrigated with a solution of the drug in the diluted Locke’s 
solution. The irrigation was repeated at intervals between readings as before. The 
effect of the drug having been observed, irrigation was then resumed with diluted Locke’s 
solution only, and a return of the rate of transport to about the initial value occurred. 
In some experiments the oesophageal mucous membrane was removed from the frog, 


and observations were made when no possibility remained of a circulation through the 
membrane, 


Rabbit trachea.—The trachea was removed from a freshly killed rabbit by cutting it 
out from below the larynx to the bifurcation. It was slit open along the mid-dorsal line 
and stretched on a cork with pins. The cork was placed in the perspex chamber used 
for the frog. Boiling water was poured over cotton-wool at each end of the chamber, 
and the temperature was maintained at 35°-37° C. by a lamp above it which also served 
for illumination. The temperature remained fairly constant indefinitely. 


Recording ciliary movement.—The surface of the mucous membrane was washed 
with Locke’s solution taken from a bath at 38° C. by applying about 5 ml. with a capillary 
pipette at intervals of 20 min. or less. Particles of charcoal were scattered over the 
mucous membrane by a fine camel-hair brush. Their movement was observed through 
a binocular microscope, magnifying 10 times, which had a scale in one eyepiece ; on the 
scale 7.7 divisions were 1 mm. The distance travelled (in scale divisions) during 30 
sec. was then recorded for each of 10 particles, and the mean distance was calculated. 
Only particles of charcoal which moved were considered, and variations in the propor- 
tion of moving particles to particles which remained still were ignored. All solutions of 
drugs were prepared in Locke’s solution, and were kept at 38° C. About 5 ml. of a 
solution was applied by a capillary pipette, and the application was repeated at intervals 
of about 5 min, Fresh charcoal was scattered after every application whether of Locke’s 
solution or of a solution of a drug. 

Ciliary movement was well maintained in these preparations for periods up to 9 hr. 
In the frog’s oesophagus in situ there appeared to be some secretion of mucus from 
time to time which might have been responsible for some of the results obtained. Since, 
however, the same results (for example, with eserine and with d-tubocurarine) were also 
obtained in both the isolated frog’s oesophagus and the rabbit’s trachea, and since in these 
isolated preparations there was no secretion of mucus, we felt satisfied that the effects on 
ciliary movement we observed were not secondary to effects on mucous secretion. 


RESULTS 

Frog oesophagus 

Eserine sulphate-——An experiment illustrating the effect of eserine sulphate in 
concentration of 10 is shown in Fig. 1, in which the transport of poppy seeds is 
shown as ordinate. By observations during 35 min. it was established that the rate 
was about 7 mm. per 100 sec. During this period the mucous membrane was washed 
with diluted Locke’s solution every 5 min. Eserine was then applied, and 5 min. 
later the rate had risen to about 14 mm. per 100 sec., where it remained for the 
30 min. during which the membrane was regularly washed with eserine solution. At 
the end of the 30 min. period the membrane was once more washed with diluted 
Locke solution. The rate of transport soon returned to about the initial value. 


A series of experiments was performed with different eserine concentrations, and 
the changes in the rate of ciliary movement were expressed as a percentage of the 
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Fic. 1.—Action of 10-* eserine 
on ciliary movement in 
the oesophagus of the 
pithed frog. Ordinate is 
rate in mm./30 sec. Each 
point is the mean of 10 
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initial rate. In each experiment the initial rate was taken as the mean of all rates 
observed before the application of eserine, and the rate after applying eserine was 
taken as the mean rate during the whole period of application. In all experiments 
the removal of eserine resulted in a return to the initial rate. The results are given 
in Table I, in which it will be seen that, as the concentration of eserine rose, the 
mean effect rose up to a maximum at 10*, beyond which it declined ; 4 x 10% eserine 
did not increase the rate of ciliary movement but depressed it. 


TABLE I 
EFFECT OF ESERINE ON CILIARY MOVEMENT IN THE FROG OESOPHAGUS 
(Each figure is taken from a separate experiment) 








| 
| Percentage change in rate at concentrations indicated 
| 








“10-5 | 10-4 | 2x 10+ =| 4 x 10° eserine 
455 si +145 | +78.5 | ~20.5 
| +40 479.5 414.5 | +38 
424 483 | 4275 | —43 
435.5 481.8 453 ~ 16.8 
| 452 | +87 | 419.6 13.2 
Mean... | +41.3 | 495.2 | +38.6 | —. 





Acetylcholine.—The application of acetylcholine, like that of the lower concen- 
trations of eserine, caused an increase in the rate of ciliary movement. The only 
concentration used was 10°, and that produced increases in five experiments of 79, 
25, 44, 54, and 56 per cent respectively, the mean increase being about 50 per cent. 
In three of the experiments it was observed that the removal of the acetylcholine 
was followed by a transient slowing of the rate to much less than the initial rate. 
The effect is illustrated in Fig. 2; in view of the earlier work on the auricles it 
suggests that in the presence of applied acetylcholine the natural production of 
acetylcholine was inhibited, and was only resumed at the initial rate some time after 
the applied acetylcholine had been removed. 
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Fic. 2.—Action of 10° 
acetylcholine on ciliary 
movement in the oeso- 
phagus of the pithed 40; 
frog. Ordinate is rate 
in mm./100 sec. Note 
the drop in rate after the | 
- acetylcholine had been 30OF 
removed by washing at 
W; the rate fell to less 
than the initial value and 20 
then slowly recovered. 
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Atropine sulphate.—Atropine in a concentration of 10°° was found to inhibit 

ciliary movement. In three experiments the rate was diminished to 18, 64, and 40 


per cent of its original value, and when the atropine was removed the rate was rapidly 
restored. 





d-Tubocurarine.—d-Tubocurarine in a concentration of 10° was also found to 
inhibit ciliary movement to the same extent as atropine. The effect was seen not 
only in the oesophagus in situ, but also in the isolated preparation. 
Rabbit trachea 

Eserine sulphate.—Nine experiments were carried out on the mucous membrane 
of the rabbit’s trachea with eserine sulphate, and the results are given in Table II. 


TABLE II 
EFFECT OF ESERINE ON CILIARY MOVEMENT IN RABBIT TRACHEA 





| Percentage change in rate at concentrations indicated 











10° 10-4 2 X 10~ eserine 
+85 | +63 | movement stopped 
+54 | +114 | és és 
| +56 +116 | vs i 
Mean .. | +65 | +98 | i - 





The effect of the concentrations 10-° and 10* was similar to the effect on the frog’s 
oesophagus, for they quickened the rate to a similar extent. The concentration of 
2 x 10, however, abolished ciliary movement, though in two of the experiments there 
was an initial quickening, as shown in Fig. 3. Fig 3 demonstrates very clearly the 
two phases of eserine action when it is present in sufficient concentration. The 
ciliary movement was resumed when the eserine was washed away. 
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Fic. 3.—Action of 2 x 10-4 
eserine on the ciliary 
movement in the isolated 
rabbit trachea. Lower 
concentrations had the 
efiect seen in Fig. 1. 
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Acetylcholine.—Sixteen experiments were made with acetylcholine, the results 


of fourteen of which are given in Table III. 


EFFECT OF 


ACETYLCHOLINE ON CILIARY MOVEMENT IN 


TABLE Ill 


The lower concentrations quickened 


RABBIT TRACHEA 








Percentage change in rate at concentrations indicated 














| 10-5 2x 10-5 5x 10° | 10- ‘ acetylcholine 
ne +36 —15 35 
+27 +26 | —5 = 
+32 +30 - 34 
+17 +40 | 29 
Mean +27 +33 | 10 | —33 








the ciliary movement, while the higher ones slowed it, as shown in Fig. 4. The 
effects of acetylcholine were, however, less than those of eserine. Thus the application 
of 10° eserine doubled the rate, while the maximum mean quickening after acetyl- 
choline was only 33 per cent above the initial rate. Similarly eserine in concen- 
tration of 2 x 10 depressed the rate to zero, while acetylcholine in concentration of 
10°* depressed the rate to 67 per cent. The effects of acetylcholine were not so well 
maintained throughout the period of application as those of eserine. Increase of 
rate became less, and when concentrations of acetylcholine were used which depressed 
the rate, the depression also became less. In the two experiments, indeed, which 
are not included in Table III, there was an initial depression with the concentration 
5 x 10°, and then later the depression gave way to increase of rate. We are inclined 
to think that, when acetylcholine is applied to the mucous membrane, it causes a 
diminution of the amount of acetylcholine which is being formed within the mem- 
brane, and thereby reduces its direct effect on the ciliary movement. 
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Fic. 4.—Ciliary movement 
in the isolated rabbit 
trachea, showing the 
depressant action of 
10-* acetylcholine and 
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the stimulant action of 
2 x 10° acetylcholine. 
Ordinate is scale units/30 Ww 
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Atropine sulphate——Atropine was applied in a concentration of 10° in five 
experiments. In each of these the rate of ciliary movement was decreased respec- 
tively to 55, 45, 44, 74, and 67 per cent of the initial value during the period of 
application. 

d-Tubocurarine.—d-Tubocurarine acted like atropine, and diminished the 
rate of ciliary movement. In a concentration of 10° the rate was decreased 
to 43 per cent of the initial; in concentrations of 10° and 10* the 
ciliary movement was arrested altogether, but was restored when the tubocurarine 
was washed away (see Fig. 5). These results with tubocurarine made it clear that the 
effects on ciliary movement which we observed were not secondary to effects on 
mucous secretion, since tubocurarine has no appreciable effect on mucous secretion. 
In a cat under chloralose in which the salivary secretion was recorded, atropine in 
a dose of 12 yg. blocked the effect of chorda stimulation and of 40 pg. acetylcholine. 
Tubocurarine chloride in a dose of 0.8 mg. diminished the effect of chorda stimu- 
lation, but did not block it, and failed to modify the effect of 40 »g. acetylcholine ; 
in a dose of 1.6 mg. it diminished the effect of 40 ng. acetylcholine but did not block 
it. Thus tubocurarine has less than | per cent of the paralysing action of atropine on 
salivary secretion. Yet when compared directly with atropine on the cilia of the 
frog’s oesophagus, tubocurarine was found to be rather more potent than atropine. 


Cocaine hydrochloride——We were anxious to determine whether ciliary move- 
ment was modified by cocaine, because of the possibility that the production of 
acetylcholine in the mucous membrane depended on nervous elements present in it. 
We applied cocaine in concentrations of 10, 10-°, and 10° in different experiments 
without observing any change. We then applied a concentration of 2 x 10° in three 
experiments and, having again observed no change, tested the effect of eserine in the 
first two and of atropine in the third experiment. We observed that these sub- 
stances produced their ordinary effect, though that of eserine was less than usual. 
Finally, we tested cocaine in another experiment in 10 per cent solution ; this appli- 
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Fic. 5.—Ciliary movement 

in isolated rabbit 
30 trachea as in Figs.3 and 
4. The depressant action 
of 10-* d-tubocurarine 
201 a and of 10-* atropine is 


shown. 
ol f . 


RATE 











20 40 60 80 100 mn. 
cation did perhaps reduce the rate of ciliary movement slightly, but the effect was 


uncertain.. We conclude that cocaine has no significant effect on the ciliary move- 
ment of the tracheal mucous membrane. 


Adrenaline and noradrenaline—Adrenaline was found to have a slight effect in 
stimulating ciliary movement, but noradrenaline was without effect. Six experiments 
were made in which adrenaline was tested ; in concentrations of 10°° and 2 x 10° it 
had no action, but 5 x 10° increased the rate of ciliary movement by 23 per cent, 
and 10“ increased it by 33, 32, and 24 per cent. In four experiments 10~* nor- 
adrenaline was without effect, and in one it was without effect in twice this concen- 
tration ; in this experiment adrenaline 10“ then caused an increase in rate. 


Histamine.—Histamine was ineffective in concentrations of 10°, 10*, and 10°. 
Through the kindness of Dr. H. Schild we were able to test the antihistaminase Grewe 
diamine, which we used in concentrations 10°° and 10%. This also had no effect. 


Nicotine.—Nicotine in a concentration of 10°° had no influence on ciliary move- 
ment. 


ACETYLCHOLINE IN EXTRACTS OF TRACHEAL Mucous MEMBRANE 


The acceleration of ciliary movement produced by eserine indicated that the 
mucous membrane probably contained acetylcholine. We therefore made extracts 
and tested them for the presence of acetylcholine by various methods; we also 
tested them for histamine. The number of experiments carried out was limited by 
the fact that the mucous membrane from 6—10 rabbits was required for each experi- 
ment. 

The rabbits were injected with 1 mg. eserine sulphate 5 min. before they were killed. 
The mucous membrane was scraped free from cartilaginous tissue ; the collected material 
was weighed and transferred as soon as possible to a cooled mortar containing 0.5 ml. 
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0.1 N-HCI for the mucous membrane of each trachea. The tissue was cut up with 
scissors, and ground with a small quantity of silica ; 0.2 ml. was added for the mucous 
membrane of each trachea, and the extract was boiled and then rapidly cooled. Before 
use the extract was centrifuged and the volume adjusted so that it contained the activity 
of 100 mg. tissue/ml. 

Extracts were also made using 10 per cent (w/v) trichloroacetic acid, of which 1 ml. 
was taken per 100 mg. tissue. The extract prepared by grinding in a mortar was centri- 
fuged, and the supernatant was poured off into a stoppered measuring cylinder, Ether 
was added and pipetted off after shaking thoroughly ; this was repeated 4 times. The 
last of the ether was blown off with nitrogen. 0.1 ml. 0.33 N-HCIl was added for each 
1 ml. extract, and the extract was stored at -15° C. Before the extract was tested, it was 
nearly neutralized in the presence of universal indicator, and the volume adjusted to 
contain the activity of 100 mg. tissue per ml. 


TABLE IV 
ACETYLCHOLINE AND HISTAMINE IN THE TRACHEAL MUCOUS MEMBRANE OF THE RABBIT 
Ach = acetylcholine; H = histamine 





Test preparation 


























Ex Extracting | | Guinea-pig | Cat blood 
» agent Frog | Frog ileum pressure 
heart rectus 
| pg. Ach/g. | ug. Ach/g. | ug. Ach/g. | pg. H/g. | wg. Ach/g.| vg. H/g. 
1 | Acid saline 1.06 2.8 1.0 we 1.4 ian 
2 on am 1.9 25 — ~ _- — 
3 oe 2.04 one 1.9 “- 17. | 4.15 
4 Trichloroacetic | | 
acid 0.23 | 04 | — 494 | — | 4,85 
| 











Estimations of acetylcholine were made on the frog rectus muscle, the isolated 
perfused frog heart, the guinea-pig ileum, and on the blood pressure of the cat under 
chloralose. Estimations of histamine were made on the guinea-pig ileum and on the 
blood pressure of thacat. Results for three extracts made with acid saline and for one 
extract made with trichloroacetic acid are given in Table IV. It will be observed that 
the amounts of acetylcholine found in the trichloroacetic extract were much less than 
those found in the acid saline extracts. We think that acetylcholine was lost in the 
ether extraction of the trichloroacetic acid extracts. No such discrepancy was 
observed in the amounts of histamine extracted by the two methods. 


The tests on the frog heart and the cat blood pressure for the acetylcholine in 
one of the acid saline extracts are illustrated in Fig. 6. The upper record on the 
frog heart shows that 0.03 ml. of the extract S produced inhibition greater than that 
of 0.003 ug. acetylcholine and less than that of 0.004 yg. acetylcholine. Hence 1 ml. 
S was equivalent of 0.12 wg. acetylcholine. Both the inhibitory effect of S and of 
acetylcholine was abolished by atropine. The lower record on the cat blood pressure 
shows that the depressor action of 0.05 ml. S was similar to that of 0.03 yg. acetyl- 
choline, and rather less than that of 1.0 »g. histamine. An antihistamine substance, 
Lergigan, was then injected in the dose of 0.25 mg., and then, when the effect of 1.0 
ug. histamine was abolished, 0.25 ml. S was equivalent to 0.04 ug. acetylcholine ; that 
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Fic. 6.—Evidence of the presence of acetylcholine in the mucous membrane of the rabbit trachea. 
The upper record compares the effect of an extract (S) of the mucous membrane with that of 
acetylcholine on the isolated frog heart. The effects of noth were abolished by atropine. The 
lower record compares the effzct of the same extract on the blood pressure of the cat before 
and after giving an antihistamine compound. In the presence of the antihistamine the relation 
of the extract to acetylcholine is similar to that on the frog heart (see text). 


is to say, | ml. S was equivalent to 0.16 yg. acetylcholine, which is a result agreeing 
reasonably well with that on the frog heart. Finally, it was seen that when the 
extract was boiled with alkali for a few minutes, the depressor action of 0.26 ml. 
was absent. These results, together with those on the frog rectus and guinea-pig 
ileum, leave no doubt of the presence of acetylcholine in the extract. 


SYNTHESIS OF ACETYLCHOLINE BY TRACHEAL MUCOUS MEMBRANE 

The presence of acetylcholine in the tracheal mucous membrane made it pro- 
bable that the membrane would be found to contain choline acetylase. A series of 
experiments, in each of which the mucous membrane from 5 or 6 rabbits was taken, 
were therefore carried out to determine the presence of this enzyme. The method 
was that described by Feldberg and Mann (1946) for brain tissue, and previously 
used by us for auricles (Biilbring and Burn, 1949). An acetone-dried powder was 
prepared, and observations were made on 50 mg. portions of the powder. In each 
experiment we also prepared an acetone-dried powder of rabbit brain since the 
enzyme is present in brain, and the value obtained for brain gave us an estimate of 
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the efficiency of our procedure. In making esiimations of acetylcholine on the frog 
rectus the incubated solutions were compared, not with solutions of acetylcholine, 
but with control solutions containing all the ingredients used in the incubation, except 
the tracheal powder. These solutions were placed in the thermostat alongside the 
test solutions, and finally known amounts of acetylcholine were added to these 
control solutions for the comparison. The results obtained are given in Table V, 


TABLE V 
ACETYLCHOLINE SYNTHESIS BY CHOLINE ACETYLASE 





pg. acetylcholine/g. powder/75 min. 








Exp. _ ——E—E————— 

Tracheal mucous membrane Brain 
1 30 400 
2 22.5 330 
3 20 275 
4 25 600 
5 38 600 
6 31 470 
7 22.5 | 550 
8 50 | 850 

‘ | 





Mean 30 | 510 





which shows that acetylcholine was synthesized by the tracheal mucous membrane in 
each of the eight experiments. The results obtained for brain were low compared 
with those of Feldberg and Mann, and compared with our earlier observations ; as 
a rule the synthesis under the conditions we then used varied from 800 to 1,000 
ug./g./hr. Such a result was obtained only in the last experiment in Table V, and in 
this experiment the highest figure for the tracheal mucous membrane was obtained. 
Hence we consider it probable that our mean figure 30 »g./g./75 min. errs by being 
too low. 


CHOLINESTERASE IN TRACHEAL MucoOUS MEMBRANE 


We examined the tracheal mucous membrane for cholinesterase in four experi- 
ments. The mucous membrane was put into a previously cooled mortar, cut up 
with scissors, and quickly frozen to -15° C. It was then ground up until it thawed 
again. A small amount of silica was added to complete the grinding, and 10 ml. of 
Krebs’s bicarbonate Ringer was added to each gramme of tissue. The extract was 
stored at -15° C. The activity was measured by the Warburg technique, and was 
expressed as microlitres CO, per hr. per g. wet tissue. The substrates used were 
acetylcholine bromide, benzoylcholine chloride, and acetyl-8-methylcholine chloride. 
Both substrates and extracts were made up in Krebs’s bicarbonate Ringer, and the 
gas mixture used was 95 per cent nitrogen and 5 per cent CO,. Acetylcholine and ben- 
zoylcholine were used in a final concentration of 0.015 M, and acetyl-8-methyl- 
choline was used in a concentration of 0.03 M. The results are given in Table VI. 
They show that the so-called “true” or “specific” form of cholinesterase was 
present. 
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TABLE VI 
CHOLINESTERASE IN RABBIT TRACHEAL MUCOUS MEMBRANE 





pl. CO,/g. fresh tissue/hr. 











Substrate : m 
Exp.1 | Exp.2 |  Exp.3 Exp. 4 
Acetylcholine Se .. | 2,730 — 1,935 | 2,500 
Benzoylcholine . “ a os — 156 — 320 
Acetyl-8-methylcholine - ‘i ae _ 1,350 | 1,860 1,780 
DISCUSSION 


The results which have been obtained in the course of the work which has been 
described are all consistent with the view that ciliary movement is controlled by the 
production of acetylcholine, which when produced keeps in being the rhythmic 
activity. The accelerating action of eserine has only one likely explanation, namely, 
that it is due to the inhibition of cholinesterase, and as a result acetylcholine 
accumulates in greater concentration than before. Thus the action of eserine is by 
itself evidence that the ciliary movement is controlled by the production of acetyl- 
choline. 

This evidence has been supported by three further findings: the presence of 
acetylcholine in the tracheal mucous membrane, the presence of choline acetylase in 
the mucous membrane, and, third, the presence of “true” or “ specific ” cholin- 
esterase in the mucous membrane. Consistent with the view that ciliary movement 
is controlled by the production of acetylcholine is the further evidence that ciliary 
movement is abolished by atropine and also by d-tubocurarine ; these substances 
share the property of antagonizing the action of acetylcholine, but only atropine 
depresses the secretion of mucus. 

Both effects of acetylcholine are to be seen when it is itself applied to the mucous 
membrane of the rabbit trachea. The lower concentrations accelerate the move- 
ment of the cilia, while the higher ones depress the movement. It has been ques- 
tioned whether acetylcholine ever produces inhibition in peripheral tissues. So far as 
ciliary movement in the mucous membrane of the rabbit trachea is concerned, there 
is no doubt of this. The same twofold effect is also to be observed with eserine, 
from which it is to be concluded that acetylcholine synthesis in the membrane can 
proceed so far that, if the cholinesterase is completely inhibited, the accumulation 
of synthesized acetylcholine can block the receptors on which it acts. 

The question next arises in what structures is acetylcholine synthesized. Is it pro- 
duced in nerves, or is it produced in non-nervous tissue ? Ciliary movement is 
generally believed to be autonomous in vertebrates. Moreover, in the preparation of 
the frog, the central nervous system was destroyed, and the ciliary movement was 
observed to be vigorous for many hours. There was no difference in ciliary move- 
ment, or in the action of drugs on it, whether the oesophagus was left in situ or was 
excised. In the preparation of the rabbit’s trachea, the tracheal mucous membrane 
was isolated from the body and there was no circulation in it. We are greatly 
indebted to Dr. P. Glees, of the Department of Physiology, for examining the 
preparation histologically. He found that ganglion cells were entirely absent, and that 
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there were a few nerve fibres in the submucosa which appeared to be sensory fibres. 
These were, of course, severed from the centre during the observations. It appears 
to us most improbable that these divided nerve fibres could be the source of the 
acetylcholine which maintained the ciliary movement, especially in view of the fact 
that cocaine hydrochloride in a concentration as high as 1 in 50 had no effect what- 
ever on ciliary movement, and even in a concentration of | in 10 produced only the 
slightest depression. We are thus led to the conclusion that acetylcholine is pro- 
bably synthesized in tissue which is not nervous, and consider that the action of 
acetylcholine in promoting ciliary movement in the tracheal mucous membrdne is an 
example of a property distinct from that of a humoral transmitter, namely, the 
property of a local hormone. 


SUMMARY 


1. Ciliary movement has been studied in the oesophageal mucous membrane of 
the pithed frog both in situ and when isolated. It has also been studied in the isolated 
mucous membrane of the rabbit trachea. 

2. In both preparations low concentrations of eserine increase the rate of move- 
ment, while higher concentrations depress it. 

3. In both preparations low concentrations of acetylcholine increase the rate of 
movement and high concentrations depress it. 

4. Both atropine and d-tubocurarine depress or arrest ciliary movement. 

5. Adrenaline increases the rate of ciliary movement in the rabbit trachea, 
though noradrenaline is without effect. 

6. Cocaine in 2 per cent concentration has no effect on ciliary movement. 

7. Acetylcholine and histamine are both present in the mucous membrane of 
the rabbit trachea. 

8. The rabbit mucous membrane contains both choline acetylase and “true ” 
cholinesterase. 

9. As there are no ganglion cells in the tracheal mucous membrane, acetylcholine 
is considered to be produced by non-nervous tissue and to control ciliary movement 
as a local hormone. 


Our thanks are due to Miss Heather Shelley for confirming many of the observations 
on ciliary movement, for observations on the isolated mucous membrane of the frog 
oesophagus, and for the experiments shown in Fig. 5. 
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Paton and Zaimis (1951) have shown that the pressor response to intravenously 
injected nicotine may be abolished by a previous injection of hexamethonium and 
that the principal action of this compound is in blocking autonomic ganglia. 

The experiments reported here were designed to investigate the effects of 
methonium compounds on another action of nicotine, namely its power to provoke 
convulsions. 


METHOD 


Unanaesthetized mice were used for most of the experiments. Groups for comparisen 
were from the same colony, were of the same sex, and were matched for weight. Nicotine 
was injected as a solution containing 0.033 mg. base/ml. saline into a tail vein and a 
comparison made between the convulsion rates in control groups and in groups pre- 
viously treated with methonium compounds. The convulsant dose of nicotine varies 
considerably with the rate of injection and this was therefore standardized. All doses 
‘ were given in 10 sec., a metronome being used to ensure a steady rate of delivery. 
Members of control and treated groups were injected alternately. The same technique 
was followed for the other convulsants used. 

Nicotine convulsions develop within 5-15 sec. of starting an intravenous injection 
and their nature varies with the dose. A small dose causes co-ordinated running move- 
ments of the front legs only, a larger dose similar movements of the back legs also, and, if 
free, the animal runs swiftly in a straight line. With larger doses still it falls on its side, 
and the running movements may be succeeded by a tonic stage with respiratory arrest and, 
often, death. A convulsion was recorded only when the movements affected all four legs. 

Animals receiving methonium compounds were given either the iodide or the bromide 
as a 0.5 mg./ml. solution intraperitoneally 20 min. before the nicotine injection. 

In the experiments in which rats were used, hexamethonium iodide was injected 
intraperitoneally and nicotine subcutaneously. 

The probability figures given in the Tables were obtained from Mainland’s fourfold 
contingency tables (Mainland, 1948). 


RESULTS 


Table I records the results from two typical experiments. In the first, the same 
dose of nicotine was given to two groups of mice, one of which had received hexa- 
methonium. In this group the convulsion rate was markedly lower. A similar 
result (Exp. 2) was obtained with rats. 
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TABLE I 
EFFECT OF HEXAMETHONIUM ON NICOTINE CONVULSION RATE 





| ac | | 
Nicotine 








Hexamethonium ————- — No. of | No.of | 
Exp. iodide i.p. Dose —_— animals | animals | P 
mg./kg. mg./kg. in group | convulsed | 
0 0.38 | iv. | 10mice a 
5 038 |. 10 ; | 
2 0 5 $c. 10 rats | 7 
5 


5 i ww | 1  <0.01 





Fig. | was constructed from the data of an experiment in which four groups, 
each of 20 mice, were injected with nicotine at four different dose levels. Two groups 
had received 5 mg. hexamethonium iodide per kg. intraperitoneally 20 min. before 


FiG. 1.—Relationship — be- 
tween dose and convul- 
sion rate in two groups 
of 20 mice receiving 
intravenous nicotine 
only @ @ and in 
two similar groups pre- 
viously treated with 
hexamethonium iodide 
@----®@. Median 
convulsive dose, CD50, 
nicotine alone: 0.26 
mg./kg. Fiducial limits 
(P = 0.95} 0.18-0.31 
mg./kg. CD50 nicotine , 
after C,: 0.63 mg./kg. }____-_---- 
Fiducial limits {[P = — 
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receiving 0.25 mg. and 0.4 mg. nicotine per kg. respectively ; the two control groups 
received 0.6 mg. and 0.75 mg. nicotine per kg. respectively. The regression lines 
are parallel, and the calculated median convulsive dose of nicotine is seen to be 
raised from 0.26 to 0.63 mg./kg. by hexamethonium. 

The effect of other members of the methonium series was then examined. Five 
groups of 10 mice were given tri-, tetra-, penta-, hexa- and hepta-methonium bromide 
respectively in a dose of 0.011 millimols per kg. (this corresponds to 5 mg. hexa- 
methonium iodide per kg.), and a sixth group of 20 mice formed a control group. 
Each mouse then received 0.4 mg. nicotine per kg. intravenously. From the results 
(Fig. 2) it may be concluded that penta-, hexa-, and hepta-methonium bromides show 
a highly significant antagonism (P<0.002) to nicotine, whereas tri- and tetra- 
methonium bromides have no significant action. All groups received the same dose 
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of bromide ion which therefore exerted no antagonism to nicotine, a conclusion 
confirmed in another experiment (Table II], Exp. 1) in which much higher doses of 
bromide, given as sodium bromide, failed to lower the convulsion rate significantly. 
Tetraethylammonium bromide (TEAB), which resembles hexamethonium in 
blocking autonomic ganglia, was found not to afford any protection against nicotine 
convulsions when doses varying from 5 to 50 mg./kg. (the maximum tolerated dose) 
were tried. A result obtained with the highest dose is recorded in Table II, Exp. 2. 


TABLE II 


EFFECT OF TETRAETHYLAMMONIUM BROMIDE (TEAB) AND SODIUM BROMIDE ON NICOTINE 
CONVULSION RATE 





rene ] 
P dicat | 
eee Dose of No. of No. of 














Exp — Dose Nicotine mice mice P 
8 mg./kg. | mg./kg. in group convulsed | 
l _- _-- | 0.4 10 7 0.5 
| NaBr 24.5 0.4 10 6 ; 
2 TEAB 50 0.25 10 3 
NaBr 24.5 0.25 10 5 >0.3 





After the above work had been completed Bovet and Longo (1951) published 
a paper in which they showed that in rabbits the tremor caused by subconvulsive 
doses of nicotine was not inhibited by pentamethonium. We have confirmed their 
results and have found that the nicotine convulsions in rabbits are also not 
antagonized. 

Experiments with other convulsants.—In view of the results obtained with nico- 
tine it would be of special interest to know if hexamethonium exerted any anti- 
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convulsant action against acetylcholine and related drugs. With acetylcholine, 
carbachol, neostigmine, and di-isopropylfluorophosphonate fasciculation makes it 
difficult to assess the convulsant effect, and it was decided that reliable results could 
not be obtained by this method. 

Table III gives the results of representative experiments with five other con- 
vulsants. In no case did hexamethonium cause a significant reduction in the con- 
vulsion rate. 

TABLE III 


ACTION OF HBEXAMETHONIUM IODIDE ON CONVULSION RATE WITH VARIOUS CONVULSANTS 





No. of mice convulsed | 





























Cc is b Dose | No. of mice s —- 
onvulsan xp. mg./kg. | in each group} without C, aan Ce P 
| | mg./kg.) | 
Lobeline 1 | 125 | 10 | 4 2 | 03 
i 3 {| # | 10 9 | S | 0.5 
Leptazol ..| 1 | 35 | 10 | 7 8g | O05 
| 2 40 | 10 | 8 9 | 0.5 
Cocaine... 10 10 3 | 4 | 05 
2 10 / 10 7 | 7 | >0.6 
— —_——— | | = 
Strychnine I 044 | 10 3 | 7 | 0.18 
2 0.60 | 10 7 | 5 | 0.32 
Cea: a | " 
Picrotoxin 3.75 10 10 | 7 |} >0.1 
> | @ 10 5 | 5 | >0.6 
DISCUSSION 


From the experiments described above it is evident that three of the five mem- 
bers of the methonium series tested protect mice and rats against nicotine convulsions. 
These are the three members (C,, C,, and C,) which have the most marked ganglionic 
blocking powers (Paton and Zaimis, 1949). Decamethonium, the only other member 
available, could not be tested because of its peripheral action. Other convulsants 
tested, differing widely in nature, were not antagonized. This suggests that the action 
of hexamethonium is specific and is not explicable in terms of an alteration in per- 
meability of the blood-brain barrier—an explanation which has been advanced by 
Aird and Strait (1944) for the anticonvulsant action of trypan red and certain other 
dyes. In particular it is interesting to note that no protection was afforded against 
lobeline, which resembles nicotine in many of its actions. The site at which hexa- 
methonium exerts this effect must next be considered. 

The mechanism by which nicotine provokes convulsions has never been finally 
settled. Local application to the motor cortex produces clonic convulsions (Rizzolo, 
1929), but it has been suggested that convulsions caused by nicotine administered 
systemically might be wholly or in part due to anoxia resulting from respiratory 
arrest ; or to stimulation of the carotid body (Lendle and Ruppert, 1942). 

When nicotine is injected intravenously in the mouse, convulsions develop with 
great rapidity during the period of hyperventilation and before respiratory arrest 
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occurs. Respiratory arrest only takes place with doses considerably above the 
minimum convulsive dose and then follows, but never precedes, the convulsions. 
Anoxia is not therefore a cause of convulsions in these experiments. 

It is not possible to be so certain that carotid stimulation does not play some part 
in the genesis of convulsions. Schmidt and Comroe (1940) state that stimulation of 
the carotid body may lead to generalized muscular activity and occasionally con- 
vulsive movements. Nicotine stimulates the carotid body, and von Euler, Liljestrand, 
and Zotterman (1941) have adduced evidence for this taking place at a ganglion in 
the carotid body area. That hexamethonium acts on the carotid body is suggested 
by the finding that it suppresses the cough provoked by intravenous injections of 
lobeline (Hillis and Kelly, 1951). 

These considerations might suggest that hexamethonium antagonizes nicotine 
convulsions by an action on the carotid body, possibly by ganglionic blockade. Two 
pieces of evidence can be cited against this view. Lendle and Ruppert (1942), work- 
ing with rats, found that elimination of the carotid sinuses, either operatively or by 
the administration of blocking agents, did not affect the development of nicotine or 
isolobinine convulsions. Further, in our experiments, very large doses of tetraethyl- 
ammonium bromide, which has been shown by Moe, Capo, and Peralta (1948) to 
block the respiratory effects of intravenous nicotine in dogs, had no effect in 
antagonizing nicotine convulsions. The evidence points, therefore, to the conclusion 
that nicotine convulsions are caused by a central action. It cannot at once be 
assumed that hexamethonium also has a central action. It is possible that other 
peripheral actions, in particular its inhibition of adrenaline release, may play a part 
in determining the nicotine convulsion threshold. 


SUMMARY 


1. When mice or rats are used as experimental animals, penta-, hexa-, and hepta- 
methonium antagonize nicotine convulsions. 


2. Tri- and tetra-methonium and tetraethylammonium show no such antagonism. 


3. Hexamethonium does not antagonize convulsions caused by lobeline, leptazol, 
cocaine, strychnine, or picrotoxin. 


4. The site of action of hexamethonium in antagonizing nicotine convulsions is 
discussed. 


We are indebted to Messrs. May and Baker, Ltd. (through Dr. Wien), for hepta- 
methonium, and to the Geigy Co., Ltd. (through Dr. Balaban), for tri- and tetra- 
methonium, 
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Five series of compounds are included in this study : 
Series 1.—-dialkylaminoketones (Mannich bases). 
Series 11.—Bispidines (bi-cyclic B-aminoketones). 

Series I11.—y-dialkylaminoketones. 

Series [V —y-dialkylaminobutyramidines. 

Series V.—2-(y-dialkylaminopropyl) dihydroglyoxalines. 


The chemistry of Series I will be described by Wilson and Kyi (in preparation) ; 
that of Series II has been described by Kyi and Wilson (1951) ; and that of Series IV 
and V by Wilson (1950). The chemical structures of the compounds are given in 
Table I, and henceforth in the text compounds are referred to by the serial numbers 
assigned to them in this Table. Quaternary salts (methiodides) of compounds | and 
9 were also included in the studies. 

Most of the compounds were supplied as crystalline hydrochlorides. Com- 
pounds which would not form crystallizable salts were supplied as bases, and were 
dissolved in equivalent quantities of hydrochloric acid as required. Two compounds 
(23 and 24) were supplied as salts of toluene-p-sulphonic acid. The compounds, as 
salts, were sufficiently soluble in water for most of the pharmacological tests, though 
a few were not soluble enough for local anaesthetic tests. Compound 15 was com- 
pletely insoluble and therefore could not be included in any of the tests. 


METHODS 


Spasmolytic action was determined on isolated guinea-pig ileum suspended in oxy- 
genated Tyrode’s solution in a 2.5 ml. bath, movements of the gut being recorded on 
smoked paper by a frontal writing lever. Submaximal muscle contractions were pro- 
duced by histamine, acetylcholine, potassium chloride, and barium chloride. The spas- 
mogen was added to the bath every 2 min., and doses of the compounds half a 
minute before the spasmogen. After each spasmolytic effect, doses of spasmogen alone 
were continued at 2-min. intervals until the response returned to the original level. 
Since the method of Schild (1947) was found to be impracticable for measuring inhibition 
of potassium or barium contractions, all spasmolytic activities were measured as the 
amount of compound which produced a 50 per cent inhibition of the contraction induced 
by the spasmogen. | 
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TABLE | 


CLASSIFICATION OF COMPOUNDS 





Serial 

















| 
Series and general formula No R NR’, 
. } 
Series I 1 CH; | N(CHs)2 
8-dialkylaminoketones 2 CH; N(C.Hs)2 
(Mannich bases) 3 C,H;CH, N(CHs). 
4 C,H;CH, | N(C.Hs)2 
/CH;,.CH2 . 
R.CO.CH.CH,NR’; 5 CH, N CH, 
\CH,.CH.” 
Hs | 
/CH2.CHex, 
(all hydrochlorides) 6 C,H;CH, N CH 
CH,.CH.“% 
| /CH2.CHx. 
7 CH; N O 
CH,.CH,” 
/CH:-CH2., 
8 C,HsCH, N O 
CH,.CH.” 
| 
NR, 
9 N(CH;). 
10 N(C.Hs)2 
/CH:.CHa, 
(C,H;),CH.CO.CH,CH.NR, 11 N CH, 
CH,.CH.% 
(all hydrochlorides) /CH2.CHsz 
12 N O 
\CH,2.CH.”% 
Series II 
Bispidines 
(bi-cyclic B-aminoketones) | R Salt 
R | iitinaiiaaaine ininaaiaerait ee ee 
N, 
i | 13 H HCl 
C,H;C—CO—C.C,H; 14 CH; | 2HCI 
| | 15 C,H;CH, HCl 
me aa 16 CH,CH,OH HCI, HO 
\nZ 
R 17 CH.CH,Cl 2HCI 
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TABLE I—cont. 
; 2 | geriat | | | 
Series and l f l | 8 
es and general formula No. R | oR | Salt 
| | | 
Series III | | 
y-dialkylaminoketones 18 CH; | CH; | base 
pees wenn 19 C,H;CH. | CH; | HCl 
% | 
CH; | 20 — | 
CH,CH,N(CHs). | CH, | 2HCI 
SERIES IV 
y-dialk ylaminobutyramidines ANH 
| c. 
I 
21 eae NH.C,H; 
| ‘CH,.CH;.N(CHs)2, base 
| NH 
| KX 
22 CsH;CH NH.C,H; 
i \ 
: CH,.CH,.N(C2Hs)2, base 
SERIES V 
‘ ‘ sn | 
2-(y-dialkylaminopropyl) 23 C,Hs;CH NH—-CH, 


& dihydroglyoxalines 
CH;CH,N(CH;),, 2(C;H,O,S) 


5 : ZN——CH; 
i A | 
j 24 C,H;CH °NH—CH, 
t \ 
CH,CH,N‘C,H;s)252(C,H,O,S) 

’ | CH _—,. 3 

| | 25 *’Scu.cF | HCI 

| C,H,/ \NH——CH, 





— semvent< o 


Analgesic action was determined in mice subjected to a painful stimulus of constant 
magnitude applied to the tail by an electrically heated wire. The apparatus and method 
were similar to those described for rats by Davies, Raventos, and Walpole (1946). The 
maximum reaction time allowed was 15 sec., in order to avoid burning the tail. 
Compounds were administered by subcutaneous injection, and the mice tested for 

‘ analgesia 20 min. after dosing. 

Local anaesthetic potency was measured by the intracutaneous weal method of 

Biilbring and Wajda (1945) on guinea-pigs. Surface anaesthesia was assessed on the 
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guinea-pig cornea by a method similar to that of Chance and Lobstein (1944). Two 
drops of solution were instilled into the eye, and the blink responses to ten stimuli of the 
cornea by a horse hair were recorded at intervals up to 30 min. 

Anti-adrenaline action was measured as the degree of protection of mice to a lethal 
dose of adrenaline. The method was similar to that described by Loew and Micetich 
(1948). A dose of adrenaline hydrochloride, which would produce a high mortality, was 
given intraperitoneally to groups of ten mice 30 min. after intraperitoneal injection 
of the compound under test. The reduction in percentage mortality was recorded. 

Neuromuscular blocking action was measured on the isolated rat phrenic nerve- 
diaphragm preparation by the method of Biilbring (1946). 

General systemic effects of the compounds on blood pressure, spleen volume, and 
respiration were observed after intravenous injection into cats anaesthetized with chlora- 
lose (80 mg. per kg. body weight). Blood pressure was recorded from the carotid artery 
by mercury manometer and float, spleen volume by plethysmograph and piston recorder, 
and respiration by recording movements of the abdomen by thread and pulley system. 


RESULTS 


Spasmolytic action.—All the compounds inhibited contractions of the isolated 
guinea-pig ileum induced by histamine, acetylcholine, potassium, or barium. Table 
II shows the relative spasmolytic potencies against these spasmogens. Two com- 
pounds (9 and 10) showed fairly high activity, which was not, however, specific for 
any one spasmogen. It was therefore concluded that the compounds were general 
spasmolytics, and did not possess any specific antihistamine or atropine-like actions. 
Quaternization of compound 9 reduced its activity against all spasmogens except 
acetylcholine, thus introducing some degree of specific anti-acetylcholine effect. 


Analgesic action—None of the compounds showed any analgesic action when 
injected subcutaneously into mice. 


Local anaesthesia——Local anaesthetic action was well marked in many of the 
compounds (Table III). When tested by the intracutaneous method in guinea-pigs, 
ten compounds showed activity greater than that of procaine, and two compounds 
(6 and 9) were about half as active as cinchocaine. 

The more active compounds were tested for surface anaesthetic action on the 
guinea-pig cornea. In preliminary tests, compounds 4, 9, 19, 21, and 22 were found 
to have only low activity. Compound 6 was more active, and was tested more fully 
in comparison with cinchocaine. The median effective concentration for compound 
6 was 0.34 per cent, that for cinchocaine 0.04 per cent. This compound had there- 
fore about one-eighth the surface anaesthetic action of cinchocaine. 


Anti-adrenaline action.—It was thought that the chloro-compound 17 might, like 
dibenamine, antagonize the effects of adrenaline. In protection tests against lethal 
doses of adrenaline in mice, this compound showed some action, of the order of 
| /16th the potency of dibenamine (Table IV). This activity was absent in compound 
16, in which there was no chloro-substitution. 


Neuromuscular blocking action—None of the compounds showed any depres- 
sant action on the rat diaphragm preparation. The quaternized derivatives of 1 and 9 
showed no activity themselves, but there was slight potentiation of the action of 
d-tubocurarine by these compounds. 


] 
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TABLE Il 
SPASMOLYTIC ACTION 


Isolated guinea-pig ileum in 2.5 ml. bath. Contractions produced by histamine 
(0.1 ug.), acetylcholine (0.1 »g.), potassium chloride (2 mg.), ba. ~ chloride (1 mg.) 





ug. required for 50% inhibition of spasms produced by 





























Compound —__— ~ 
histamine acetylcholine potassium barium 
Series I 
1 >200 > 200 - 200 -200 
| Mel > 200 >200 - 200 -200 
2 20 25 9 50 
3 70 > 200 25 50 
4 45 50 25 Y 
5 100 130 50 -200 
6 70 50 9 25 
7 15 > 200 > 200 -200 
8 30 > 200 75 50 
9 72 2.5 12 6 
9 Mel 80 2.0 50 50 
10 5 1.5 G 18 
11 2.0 | 2.5 18 20 
12 15 30 75 100 
Series II | 
13 40 | 45 | - 200 - 200 
14 40 | 80 20 50 
15 insol. insol | insol. insol. 
16 40 50 150 75 
17 75 90 - 200 - 200 
ae _ - |  aedacactneiaal 
Series III | 
18 20 50 75 -200 
19 40 80 | 8 | 12 
20 | . 40 70 10 20 
| 
Series IV 
21 20 15 10 | 50 
22 si 50 10 10 18 
Series V 
23 10 100 - 200 -200 
24 100 50 > 200 - 200 
25 100 75 20 40 
Anthisan | 0.03 | 25 12 18 
Atropine 5 0.0004 > 200 - 200 
Trasentin 5 0.004 18 22 





General systemic effects—Representative compounds from each series were 
tested by intravenous injection into cats under chloralose anaesthesia. Compounds 
of Series I, represented by numbers 1, 4, and 9, produced a transient fall in blood 
pressure, which increased in magnitude with increasing complexity of the derivatives. 
They produced contraction of the spleen, in this case more marked in the less com- 
plex compounds. Since spleen and blood pressure effects were not proportionate, 
some of the splenic contraction was probably due to direct rather than reflex action. 
Respiration was unaffected except for very slight depression and slowing at the 








Guinea-pig intracutaneous weal 
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TABLE Ill 
LOCAL ANAESTHETIC ACTION 








Median effective 


Activity compared with 









































Compound —_—____-_— ——_____——— — —_____-— 
dose (mg.) Procaine = 1.0 | Cinchocaine = 1.0 

Series I 

] 2.40 0.30 0.03 

1 Mel >2Z30 <0.29 | <0.03 

2 7.94 0.09 | 0.01 

3 0.45 1.60 0.17 

4 0.22 3.28 0.35 

5 2.80 0.26 0.03 

6 0.14 5.15 | 0.54 

7 > 5.00 <0.14 <0.02 

8 > 1.00 <0.72 <0.08 

9 0.16 4.50 0.48 

9 Mel insol. on — 

10 0.60 1.20 0.13 

11 2.50 0.29 003 

12 2.00 0.36 0.04 
Series Il 

13 insol. 

14 0.58 1.24 0.13 

15 insol. _ —_ 

16 | 0.60 1.20 13 

17 5.75 0.13 0.01 
Series III | 

18 >2.50 <0.29 <0.03 

19 0.19 3.88 0.41 : 

20 0.89 0.81 | 0.09 

Se ae SEE eee eee An | 

Series IV ' 

21 0.33 2.18 0.23 iy 

22 0.27 2.66 0.28 
Series V 

23 >72:50 <0.29 | <0.03 

24 > 5.00 <0.14 <0.02 

25 1.25 0.58 0.06 
Procaine 0.72 1.00 0.11 
Cinchocaine 0.08 9.50 1.00 





moment of injection. 


Compounds 19 and 21 produced transient fall in blood 
pressure with very slight dilatation of the spleen. Compounds 23 and 25 had little 
effect on blood pressure, but produced marked dilatation of the spleen. 
respiratory effects were insignificant. 





Again, 


Fig. 1 shows the effects of similar doses of the local anaesthetic compound 6 
and cinchocaine. A dose of 2 mg. compound 6 produced only transient effects on 
blood pressure, spleen, and respiration, whereas a similar dose of cinchocaine pro- ; 
duced complete collapse from which the animal failed to recover, even after artificial ' 
respiration and intravenous adrenaline. The primary effect appeared to be respira- . 


tory paralysis, and was accompanied by a severe fall in blood pressure. 





7 Ne 


al 





BASIC KETONES 91 


TABLE IV 
ANTI-ADRENALINE ACTION 


Protection of mice against lethal doses of adrenaline. Compounds given (i.p.) 30 min. before 
adrenaline (i.p.) 

















Adrenaline Dose : 
mg./20 g. Compound ua. fee. | Mortality 
lst Test 
0.2 — — 9/10 
0.2 17 1.0* 4/10 
0.2 17 2.0* 1/10 
— 16 2.0 10/10 
0.2 dibenamine 0.5 0/10 
0.2 dibenamine 1.0 0/10 
2nd Test 
0.4 — — 5/10 
0.4 16 1.0 4/10 
0.4 16 0.5 6/10 
0.4 dibenamine 0.125 
* In suspension. 
DISCUSSION 


The compounds described in this 
paper were synthesized with the object 
of extending the field of possible anal- 
gesic drugs. It was therefore dis- 
appointing that none of the compounds 
showed any analgesic activity. 

Spasmolytic activity was shown by 
nearly all the compounds. There was 
little differentiation between the degrees 
of inhibition of acetylcholine, hist- 
amine, and the “direct” acting spas- 
mogens, as compared with that shown 
by atropine or anthisan, in which highly 
specific inhibition of acetylcholine and 
histamine, respectively, is clearly seen 
(Table II). Spasmolytic action in the 
compounds studied was more akin to 
that of trasentin, though even in this 
drug, usually regarded as a general 
spasmolytic, a high degree of specificity 
for acetylcholine is apparent. It may 
be concluded, then, that the compounds 
show spasmolytic activity, which is 
definitely of the non-specific general 
type. 





Fic. 1.—Cat; chloralose. Spleen volume (aown- 
strokes contraction); respiration (down- 
strokes — inspiration); blood pressure. Com- 
parison of effects of compound 6 and 
cinchocaine; 2 mg. of each, intravenously. 
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The most interesting property shown by these compounds is local anaesthetic 
activity. Ten compounds were more active than procaine and two were about half 
as active as cinchocaine, when injected intracutaneously. Surface anaesthesia, tested 
on the guinea-pig cornea, was less marked, compound 6 being about one-eighth as 
active as cinchocaine in this respect. This compound was much less toxic than 
cinchocaine when injected intravenously into cats. 

An interesting observation on local anaesthetic activity in these compounds is 
the marked increase in potency produced by substituting a phenyl group on the ketone 
side-chain. This effect is seen between pairs of compounds | and 3, 2 and 4, 5 and 
6, and 18 and 19, where the phenyl substitution increases local anaesthetic potency 
by as much as thirtyfold. In compounds 9 to 12, where two phenyl groups are 
substituted in this terminal position, local anaesthetic activity is increased only in 
the compounds with relatively simple substitution in the amino-group. This sug- 
gests that local anaesthetic activity may be related to an optimum “ balance ” be- 
tween the aromatic and basic groupings at either end of the molecule. 

The high local anaesthetic activity of these compounds justifies more detailed 
investigation, results of which will be published subsequently. 


SUMMARY 


1. Twenty-five basic ketones and related compounds have been tested pharma- 
cologically. 


2. The compounds showed no analgesic or neuromuscular blocking actions, and 
no very marked action on blood pressure, spleen volume, or respiration. 


3. One compound, containing a #-chloroethyl group attached to nitrogen, had 
some protective action against lethal doses of adrenaline in mice. Its potency was 
about 1/16th that of dibenamine. 


4. Most of the compounds were spasmolytics, having non-specific, direct action 
on plain muscle. 


5. Local anaesthetic action was well marked in many of the compounds. Ten 
compounds were more active than procaine, two were half as active as cinchocaine, 
when tested by the intracutaneous weal method. Surface anaesthesia (guinea-pig 
cornea) was less marked, the most active compound being 1 / 16th as active as cincho- 
caine. 


The authors wish to thank Dr. W. Wilson, of the Chemistry Department, University 
of Birmingham, for supplying the compounds and for guidance in chemical classification, 
and Professor A. C. Frazer for his interest and advice in the pharmacological studies. 
They are also indebted to the Colonial Products Research Council and to the Pakistan 
Government for financial assistance to Miss R. E. Weston and Dr. Nazeer ud din Ahmad, 
respectively. 
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THYROID ACTIVITY AND AMINE OXIDASE 
IN THE LIVER 


BY 


A. SPINKS anp J. “H. BURN 
From the Department of Pharmacology, Oxford University 


(Received November 13, 1951) 


So long ago as 1908 Eppinger, Falta, and Rudinger found that in dogs from 
which the thyroid was removed the injection of adrenaline did not cause glycosuria. 
The controversy which arose about this and also about the effect of thyroid feeding 
was to some extent resolved by Burn and Marks (1925), who studied the hyper- 
glycaemia caused by adrenaline in relation to the hypoglycaemia caused by insulin. 
They found that there was an inverse relation between these two phenomena ; in 
rabbits in which a given dose of adrenaline produced a large hyperglycaemia, 
a given dose of insulin produced a small hypoglycaemia. They found that thyroid- 
ectomy produced an increase in insulin hypoglycaemia, and a decrease in adren- 
aline hyperglycaemia. Thyroid feeding, on the other hand, in the first two weeks 
caused an increase in adrenaline hyperglycaemia and a decrease in insulin hypo- 
glycaemia. When thyroid feeding was continued beyond two weeks, to the stage 
at which Cramer and Krause (1913) observed a disappearance of liver glycogen, then 
these changes were reversed. 


For the purpose of the present paper we wish to emphasize the finding that 
thyroidectomy reduced adrenaline hyperglycaemia, and that thyroid feeding for two 
weeks increased it. It is known that amine oxidase is present in the liver, and that 
this enzyme can destroy adrenaline. The effect of a given amount of adrenaline in 
causing a hyperglycaemia may therefore depend on the amount of amine oxidase 
present. When the thyroid gland is removed, the diminution in the hyperglycaemia 
provoked by adrenaline may be due to an increase in amine oxidase. Similarly, 
when thyroid is given by mouth to rabbits during two weeks, the increase in 
adrenaline hyperglycaemia may be due to a fall in amine oxidase. The experiments 
now to be described were carried out to test these possibilities. 


METHODS 


Biochemical.—Rabbits or rats were stunned by a blow on the head and bled to death 
by severing the right external jugular. The liver was immediately removed, freed from 
the gall-bladder (rabbits), weighed, and placed in a refrigerator at -15° C. until it could 
be tested. A 2 g. sample of the left lateral lobe (rabbits) or the median lobe (rats) was 
homogenized in 10 ml. M/15 phosphate buffer (pH 7.4), dialysed against distilled water at 
room temperature for one hour, and diluted to 5 per cent (rabbits) or 7.5 per cent (rats) 
with M/15 buffer, pH 7.4. The resulting suspension absorbed oxygen in the absence of 
substrate at the rate of about 3-7 (rabbits) or 8—15 (rats) “I. per ml. per hr. Cyanide was 
not added to depress the respiration beyond this low level. During dialysis, preparation 
of suspensions, and preparation of manometer flasks, liver homogenates were at room 
temperature for periods of 14-3 hr. Amine oxidase is known to be very stable (Hare, 
1928) and we confirmed by trial experiments that periods of 6 hr. at room temperature 
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resulted in insignificant loss of activity. The concentrations of liver suspension used 
were found in trial experiments to give proportionality of uptake of oxygen over the 
range of activities encountered in the experimental work. 

The substrate for the estimation of amine oxidase activity was M/50 tyramine. The 
most potent extract tested catalysed the oxidation of about 15 per cent of the added 
tyramine during the experimental period, Semicarbazide was added to reduce or prevent 
oxidation of p-hydroxyphenylacetaldehyde formed from tyramine during the main 
reaction (Blaschko, Richter, and Schlossmann, 1937). However, in a single trial experi- 
ment we were unable to demonstrate any marked effect for the amount of semicarbazide 
added, and it is probable that it could have been omitted. 


A typical set of Warburg flasks contained the following solutions. 











| Thermobarometer Blank flask Main flask 





Main compartment ea 2.3 ml. H,O ' 1.0 ml. liver suspension 
| 0.4 ml. M/15 phosphate, pH 7.4 
| 0.2 ml. M/10 semicarbazide, pH 7.4 








Centre well .. és oy | 0.3 ml. N-KOH on filter paper 
Side bulb... ee i 0.4 ml. H,O 0.4 ml. M/10 
tyramine 





Flasks and manometers were filled with oxygen and the thermostat was maintained 
at 37.5° C. 

The oxygen uptake in the assay flask, less that in the blank flask, was plotted at 5-min. 
intervals for 30 min., and the uptake between 5 and 20 min. was measured from the 
smooth curve. The uptake thus measured was always less than that calculated from the 
initial reaction velocity obtained by extrapolation ; it was adopted because it rested 
directly on experimental observation and was, moreover, shown to be proportional to 
the amine oxidase content of the liver in trial experiments involving dilution of a standard 
extract. In early experiments each sample of liver susp2nsion was analysed in duplicate. 
The two results always agreed to within 5 per cent, and only single analyses were made 
in most of the experiments. When the result appeared to be outside the normal range 
of its group the analysis was repeated. The repeat analysis always confirmed the initial 
one. 

Total colloid nitrogen was determined in the dialysed liver suspensions using the 
Kjeldahl acid mixture (2 ml.) of Campbell and Hanna (1937) with 75-100 mg. of liver. 
Ammonia was estimated titrimetrically after distil ation into a boric acid reagent (Conway, 
1950) in the Markham apparatus. 


Animal experiments.—Rabbits were females of various breeds taken at random from 
stock. No obvious difference between the results obtained from different breeds was 
observed. Control rabbits were used immediately without sham operation or other 
“control” procedure. They had bzen fed since purchase on a mixed diet consisting 
mainly of bran and whole cereal, supp emented by caboage, given in limited amount 
because members of the family Brassicae have been shown to contain an antithyroid 
substance (Greer, Ettlinger, and Astwood, 1949). Albino male rats were used, and were 
fed on rat cubes. 

Thyroidectomy.—Rabbits were given 4 mg. atropine sulphate per kg. subcutaneously, 
and five minutes later were anaesthetized with pentooarb tcne, 30 mg./kg., intravenously. 
In some rabbits supplementary ether was necessary ; it was found to be unsafe to increase 
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the dose of pentobarbitone. The thyroid was freed from the trachea and larynx by 
blunt dissection and the two halves were removed separately after severing the isthmus 
between ligatures. Larger vessels were severed between ligatures; smaller ones were 
cauterized. Aseptic technique was used, and the wound was insufflated with penicillin- 
sulphathiazole before closure. Post-operative treatment included the administration of 
calcium gluconate intravenously, 100 mg./kg. daily for three days and thereafter 150 
mg./kg. every other day for a week. No symptoms of tetany were observed. Some 
rabbits also received 20,000 units of procaine penicillin intramuscularly on each of the 
first three days after operation. All rabbits that survived the operation survived the 
three-weeks post-operative rest that intervened before killing for liver assay. All but 
two regained their pre-operative weight ; these two were in poor condition when killed, 
and the liver amine oxidase level was well below the range observed in the remaining six 
(Table I). They were included in the experimental series to avoid errors due to selection. 
Three control rabbits that appeared normal superficially proved to have abnormal livers 
(Table I); these also were included in the experimental series. 

Male albino rats were thyroidectomized according to the procedure of Farris and 
Griffith (1949). No calcium was given after operation, but all animals that survived the 
first three hours after operation survived three to four weeks without showing symptoms 
of tetany, and all were in excellent condition when killed. 


Thyroid treatment.—Rabbits received dried thyroid B.P. daily for fourteen days. 
The dose was made into a paste in water and spread on a cabbage leaf, which was 
then rolled up and given to the rabbit by hand. After the first two days no difficulty 
was encountered in inducing the rabbits to eat the whole of the dose, although they 
disliked the taste of the drug. Each rabbit was given 200 mg, irrespective of weight. 
This procedure facilitated dosing, but resulted in a disproportionately large weight loss 
in the smaller animals. The initial weights ranged from 1.50 to 3.64 kg. with a mean of 
2.12 ; the final weights ranged from 1.00 to 3.12 kg. with a mean of 1.74. Three rabbits 
died during administration of thyroid, one from an intestinal infection, the others from 
unknown causes ; these were discarded. 

B:cause of difficulties in supply of animals and the weight changes caused by the 
experimental procedures no attempt was made to obtain rabbits of a definite range of 
weight at the time of killing. The weights of the thyroid-fed group have been given ; 
the mean weight of control rabbits was 1.88 kg. with a range of 1.24 to 2.61 kg.; that of 
the thyroidectomized rabbits was 2.37 kg. with a range of 1.35 to 3.70 kg.; their mean 
initial weight was also 2.37 kg.; six gained and two lost weight. 

The mean weight of control rats was 244 g. with a range of 185 to 305; that of 
thyroidectomized rats was 271 g. with a range of 230 to 300 g. 

No correlation between weight of animal and liver amine oxidase activity was observed 
in rats or rabbits. 

RESULTS 

Amine oxidase activity has been expressed in three ways, first as pl. of oxygen 
per 100 mg. (wet weighi) of liver per 15 min. (obtained as described above) ; second, 
as total activity in the whole liver divided by the weight of the animal in grammes ; 
third as pl. of oxygen per mg. of colloid nitrogen. We have used these three methods 
of expressing activity because we expected that there would be considerable variation 
between individual animals and we wished to explore the possibility of obtaining a 
method that reduced this variation. We also had in mind the possibility that the 
method based on colloid nitrogen would eliminate variation due to differing propor- 
tions of glycogen or fat in normal liver, and any difference between control and 
experimental groups due to the known actions of thyroid on fat and carbohydrate 
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metabolism (Pincus and Thimann, 1950). Against this was the possibility that such 
a method would exclude alterations in amine oxidase activity due to increased pro- 
tein katabolism in the thyroid-fed group and decreased katabolism in the thyroid- 
ectomized group. Since such effects would alter the amine oxidase activity in the 
direction postulated we naturally did not wish to exclude them from consideration. 
In the event the variation between normal animals was much smaller than expected, 
particularly in rats, and it would have been reduced still further in rabbits had it 
been considered proper to exclude those having superficially abnorma] livers. In 
the normal group the method based on colloid nitrogen gave the lowest coefficient of 
variation (Table I), but this was not so for the thyroid-fed group, possibly owing to 
variations in protein turnover in different animals. 

The results obtained in rabbits are shown in Tables I and II, those obtained in 
rats in Table III. 


DISCUSSION 


The results in Tables I and II show that the amine oxidase activity in rabbit liver 
depends on the amount of thyroid hormone. In the thyroidectomized animal the 
amine oxidase is higher than in the control animal, and in the thyroid-fed animal it 
is lower than in the control animal, the differences being uniformly present, how- 
ever the activity is expressed, whether per unit weight of liver, or per unit weight of 
rabbit, or per unit weight of liver nitrogen. The significance of the differences, 
shown in Table II as values of P, is very high between the thyroidectomized rabbits 
and the thyroid-fed rabbits when the amine oxidase activity is calculated either per 


TABLE | 
AMINE OXIDASE IN RABBIT LIVER 





| 

















ul. O,/100 mg. liver | ul. O,/g. rabbit | ul. O./mg. N 
| Thyroid | Thyroid Thyroid | Thyroid | Thyroid | Thyroid 
Control | ‘fed | removed | Control fed | removed | Control fed | removed 
ail mel = =: 

99 | 92.5 | 129 | 42.9 | 2027 | 278 | 397 | 278 | 43.5 
125 | 84 | 111 | 41.2 29.3 37.0 | 39.8 27.8 38.5 
110 | 107 | 106 | 37.7 35.7 | 35.2 | 38.8 | 37.4 41.5 

59.5% | 88 | 120 29.6 276 | 377 | 308 | 288 38.3 

93 _ 90 | 88T 33.7 21.4 | 19.5 | 33.1 32.6 31.8 
130 | 89 | 124 34.6 23.6 | 38.2 | 398 | 30.0 45.9 

72.5* | 92 | 124 2355 | 2891 | 330 | 333 | 320 | 41:5 

2" | 115 80T 21.2 29.7 | 290.9 32.7 | 38.4 | 29.9 
115 | 78 35.0 | 19.0 | | 39.5 | 25.3 | 
103 | 63 26.3 | 308 | | 38.7 ae 
112 | 83 | 25.7 | 27.8 | 35.4 | 28.1 

98 | 8i 23.0 27.7 31.6 24.9 
108 | 72 24.2 | 17.0 | | 38.4 | 26.0 

98 | | 34.6 | | 30.3 | 

85 | 22:0 | | 32.2 

79 | 30.4 | 35.8 | 

67 | 22.0 | 26.6 | | 

Mean 95.6 86.5 110 29.9 | 26.0 wea | Been 29.4 | 38.9 
C.V. $21.6 | 15.6 16.3 23.55 | 206 | 240 | 11.7 is) 6|6|l US 





* The livers of these three rabbits were abnormal in appearance, one (§) being yellow and swollen, the other two 
containing cysts, possibly coccidial. a ' 
+ These two rabbits were in poor condition when killed and had not regained their pre-operation weight. 


7.4, Coefficient of variation (10)s/mean). 
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TABLE II 


SIGNIFICANCE OF DIFFERENCES BETWEEN MEAN ACTIVITIES OF RABBIT LIVER 
AMINE OXIDASE 





Values of P for amine oxidase calculated per 



































mg. nitrogen | g. rabbit 7 | ~ 100 mg. liver 
Control andthyroidfed ..  .... | 0.0015 0.10 0.17 
Control and thyroid removed i oe 0.067 0.5 0.1 
Thyroid fed and thyroid removed es 0.001 | 0.07 0.0015 
TABLE III 
A'MINE OXIDASE IN RAT LIVER 
Control | Thyroidectomized 
ul. O,/100 mg. | ul. O,/g.rat | ul. O,/mg. N | al. O, 100 mg.| yl. O./g. rat | pl. O./mg. N- 

41 | 218 14.6 50 21 | 17.1 

55 28.1 17.2 62.5 21.7 21.0 

46 21.3 16.3 57.5 24.8 21.1 

41 15.3 14.0 57.5 22.9 18.0 

53 20.2 17.8 71 28.3 24.2 

50.5 18.9 16.6 56 20.3 19.6 

48 18.5 15.7 65 21.5 22.9 

| 54.5 22.2 23.8 

a eee Fe TS RR «I 
Means 47.8 20.6 16.0 59.4 23.0 21.u 
CV. 11.5 | 19.2 8.5 11.1 10.9 11.6 
Significance (values of P) 0.004 0.15 < 0.001 














unit weight of liver or per unit weight of liver nitrogen. When the comparison is 
made by calculating the amine oxidase per g. rabbit the difference is not signi- 
ficant. When the comparison is made bztween the controls and thyroid-fed animals, 
the difference is significant when the activity is calculated per unit weight of liver 
nitrogen, but between the controls and thyroidectomized animals the differences are 
not significant. 

At this point, however, the results in the rabbits are confirmed by the resul-s in 
rats, for the differences between controls and thyroidectomized rats are highly 
significant whether the amine oxidase is expressed per unit weight of liver or of 
liver nitrogen. 

These results support the hypothesis that the effect of changes in thyroid hormone 
on adrenaline hyperglycaemia is to be explained by changes in the amine oxidase in 
the liver. It is interesting to note that in the rabbit Burn and Marks (1925) found 
that thyroidectomy decreased adrenaline hyperglycaemia, though not by much; it 
is now shown that thyroidectomy increases amine oxidase in rabbit liver but not 
by an amount which is statistically significant. On the other hand, thyroid feeding 
increased adrenaline hyperglycaemia in a striking manner, and likewise it reduces 
amine oxidase so that the difference is beyond any doubt. 

Administration of thyroid hormone has already been shown to affect the activity 
of a number of enzymes of liver and other tissues, including some oxidizing enzymes. 


G 
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Barker (1951) has reviewed these findings. Liver cytochrome oxidase, succinoxidase, 
and D-amino acid oxidase were more active after the administration of thyroid. The 
activity of liver lactic dehydrogenase was reduced. Thyroidectomy had opposite 
effects. Cytochrome oxidase has been shown to oxidize adrenaline in the presence 
of cytochrome c (Blaschko and Schlossmann, 1940), but the demonstration that its 
activity is increased by administration of thyroxine, dried thyroid, or the thyroid- 
stimulating hormone of anterior pituitary (Tipton and Nixon, 1946; cf. Smith and 
Williams-Ashman, 1949) shows that it can play no part in the potentiation of 
adrenaline hyperglycaemia by thyroid hormone. 

Hawkins, Nishikawara, and Mendel (1948) have shown that the amount of 
cholinesterase in the plasma falls after administration of thyroid hormone to rats 
and rises after thyroidectomy or administration of thiouracil. The conclusion of 
Sawyer and Everett (1947) that pseudocholinesterase is made in the liver and that 
its formation is controlled by the anterior pituitary suggests the possibility of an 
indirect effect of thyroid, exerted by way of the pituitary (Everett and Sawyer, 1946). 
However, the increase in the activity of cytochrome oxidase and succinoxidase caused 
by thyroid-stimulating hormone was prevented by thiouracil (Tipton and Nixon, 
1946) and must consequently have been mediated by thyroid hormone itself. 


SUMMARY 
1. Thyroid feeding causes the amine oxidase of the liver of rabbits to diminish. 


2. Thyroidectomy causes the amine oxidase activity of the liver of both rabbits 
and rats to rise. 


3. The rise of blood sugar caused by adrenaline is greater in thyroid-fed rabbits, 
and this change may be explained by the fall in amine oxidase which the thyroid 
feeding produces. 


4. Similarly the rise of blood sugar caused by adrenaline is less in thyroid- 
ectomized rabbits, and this may be explained by the rise in amine oxidase caused by 
thyroidectomy. 


We wish to thank Dr. H. Blaschko for his help and advice. 
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AMINE OXIDASE IN THE IRIS AND NICTITATING 
‘MEMBRANE OF THE CAT AND THE RABBIT 


BY 
JUDITH ROBINSON 


From the Department of Pharmacology, Oxford University 


(Received October 11, 1951) 


It has been known for some time that the normal nictitating membrane of the 
cat’s eye is much less sensitive to noradrenaline than to adrenaline. Bacq (1937) 
explained this difference by supposing that the methylation of noradrenaline not 
only conferred inhibitory properties on noradrenaline but enhanced its excitatory 
action. On the denervated nictitating membrane there is no such difference, and 
both adrenaline and noradrenaline produce a large contraction nearly always greater 
than that produced by adrenaline in the normal membrane. Thus the ratio of the 
contraction in the denervated membrane to that in the normal membrane was found 
by Bilbring and Burn (1949) to be much greater for noradrenaline than for 
adrenaline. 

A similar situation exists in the pupil of the cat’s eye. Greer, Pinkston, Baxter, 
and Brannon (1938) observed that noradrenaline had much less dilator effect than 
adrenaline in the normal eye. Burn and Hutcheon (1949) showed that after dener- 
vation the sensitivity to noradrenaline was increased much more than that to adren- 
aline, so that noradrenaline was almost as effective in dilating the denervated pupil 
as adrenaline. They suggested that the phenomena in the nictitating membrane 
and in the pupil could be explained if there was an enzyme in these structures 
specially adapted to destroy noradrenaline. This might well be true since noradren- 
aline is the sympathetic transmitter. Burn and Hutcheon suggested that injected 
noradrenaline was: ineffective in the normally innervated structure because it was 
rapidly destroyed, and that adrenaline was more effective because it was less rapidly 
destroyed. In the denervated tissue they supposed that the enzyme diminished in 
amount, and thus both substances produced a greater effect. 

Various steps were required to prove the truth of this hypothesis. The first was 
to demonstrate the presence of an enzyme and to identify it. The second was to show 
that the enzyme has a greater affinity for noradrenaline than for adrenaline. 

Evidence has already been published relating to the second point; Burn and 
Robinson (1951) showed that amine oxidase has a greater affinity for noradrenaline 
than for adrenaline. Therefore it was important to discover whether this enzyme 
was actually present in the nictitating membrane and the iris. This paper describes 
the investigation of this question. 


EXPERIMENTS PERFORMED 


Nictitating membranes.—A test for amine oxidase has been described by 
Florence and Schapira (1945) in which the presence of the enzyme is detected by its 
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conversion of phenylethylamine into the corresponding aldehyde, phenylacetaldehyde, 
which is recognized by its characteristic smell of hyacinths. 

The nictitating membranes were removed from a spinal cat by cutting round the orbit 
with a scalpel and dissecting them off the eyeball. A suspension was made by cutting 
the tissue with scissors and pounding in an ice-cold mortar alternately, and adding 4 ml. 
0.067 mM-sodium monohydrogen phosphate buffer of pH 7.4 for each membrane. To 
2 ml. of this suspension 0.2 ml. 0.01 M-phenylethylamine hydrochloride was added, while 
a control sample had 0.2 ml. water. The tubes were closed with rubber stoppers, in- 
cubated at 37.5° C., and left for an hour. 


When the tubes were opened, the sample incubated with the amine had a faint 
but characteristic smell of hyacinths, showing that there had been oxidation of the 
amine to aldehyde. 


Manometric observations.—Quantitative estimations were made manometrically by 
Warburg’s method on the nictitating membranes of both cats and rabbits. Rabbits were 
killed by a blow on the neck and bleeding out. Cats were either gassed with coal gas 
or anaesthetized with sodium amytal and then bled out. The tissues were removed 
immediately and stored at — 15° C. until the estimations were performed. For the mano- 
metric experiments conical manometer flasks with one side bulb and a potash tube were 
used. In each experiment an “enzyme blank ” and one or more samples with added 
substrates were set up. In most experiments tyramine served as substrate, as it is the 
amine most readily oxidized by amine oxidase ; 1.6 ml. of the tissue suspension and 0.2 
ml. 0.1 M-KCN, the latter being neutralized to bromthymol blue with N-HCl, were put 
into the main compartment ; the potash tube contained 0.3 ml. of the 2 N-KCN-KOH 
mixture described by Umbreit (1945). 

The side-bulbs contained either 0.2 ml. water or 0.2 ml. 0.1 M-tyramine hydrochloride. 
The cyanide was added in order to exclude oxidation reactions other than that due to 
the amine oxidase system, which is not inhibited by cyanide. The flasks were filled with 
O, and incubated at 37.5° C. Under these conditions the blank oxygen consumption of 
the enzyme without substrate was always small, but in the presence of tyramine there 
was always a marked increase of oxygen uptake. Readings were taken at 5-min. intervals 
during the first 30 min. and plotted against the time ; the enzyme activities were calcu- 
lated from the shape of the graph during that period. Results were expressed in J. O, 
consumed per hour by one membrane. This method was adopted as it was somewhat 
difficult to exclude adhering connective tissue, and it was thought better to determine 
total activity rather than activity per unit weight. 

The results obtained in the experiments with nictitating membrane from cats are 
given in Table I. The figures obtained in four experiments with rabbit nictitating 
membrane were of the same order. 

In the experiments on iris the tissue preparation and manometric procedure 
were similar, except that six irises were used in each experiment and were suspended 
in 3.5 ml. of the phosphate buffer. In these experiments the oxygen uptake with- 
out added substrate was larger, but the additional oxygen uptake with substrate was 
always at least double. The values are summarized in Table I]. The enzyme 
activities were again calculated from the readings for the first 30 min. and expressed 
as “1. O, per g. tissue per hr. 

Similar figures were obtained in five experiments with a rabbit iris suspension. 

Since this tissue contains melanophores it was desirable to exclude the possi- 
bility that a polyphenol oxidase type of enzyme contributed to the oxidation of 
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TABLE I 
OXIDATION OF TYRAMINE BY SUSPENSION OF CAT NICTITATING MEMBRANE 
ul. O. consumed per hr. per ul. O, consumed per hr. per 
membrane | membrane 
Exp. No. — 7 Exp. No. | 
. | Additional . Additional 
ae | consumption | ee consumption 
tte | with tyramine — with tyramine 
11 | 70 Sai 95 | 38 
2 17 | 66 8b 20 | 57 
3 0 | 61 Sa 0 | 52 
4 15 | 100 9 | 14.5 53 
Sa 5 79 10a | 20 | 97 
5b 6 78 10b- | 24.5 129 
6a 0 49 lla 19 | 61 
6b 1.5 | 59 11b = 18 81 
Ta 12.5 | 105 12a 24.5 | 79 
7b 14 | 99 12b 27 | 98 
TABLE II 
OXIDATION OF TYRAMINE BY SUSPENSIONS OF CAT IRIS 
ul. O. consumed per g. per hr. 
Exp. No. 


Without substrate Additional consumption 





I 39.5 123 
2 50 | 192 
3 | 29.5 | 118 
4 | 53 | 124 
Sa 33.5 | 162 
5b 52 165 
6a 40 205 
6b | 55 | 195 





tyramine. In one experiment, therefore, isoamylamine hydrochloride was used as 
substrate. This amine was also oxidized, the activities being : 


without substrate seis me co .. 43 pl./g./hr. 
additional uptake with tyramine ie ... 312 pl./g./hr. 
additional uptake with isoamylamine ... ... 154 pl./g./hr. 


The relative activity of the amine oxidase in liver towards tyramine and isoamyl- 
amine is similar to that found in this experiment. 

It was of particular interest to find whether adrenaline and noradrenaline were 
oxidized. In some preliminary experiments it was found that both amines were 
oxidized but at a much slower rate, and it was for this reason that tyramine was 
adopted as the chief substrate. In the presence of 0.01 M-KCN and 1.6 mg. cysteine 
per flask autoxidation was inhibited (Blaschko, Richter, and Schlossmann, 1937). 
However, the addition of cysteine increased the oxygen consumption of the enzyme 
blank to such an extent that the determinations had to be given up as unsatisfactory. 
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It is interesting to note that in liver preparations the addition of cysteine had no 
similar effect on the blank oxygen consumption. Cyanide alone appeared to be 
sufficient to prevent autoxidation of adrenaline and noradrenaline for the first 30 
min. of incubation. 

Pentamidine is known to be a strong inhibitor of amine oxidase (Blaschko and 
Duthie, 1945). In one experiment on rabbit iris with tyramine as substrate 0.2 ml. 
of 0.01 M-pentamidine isethionate was added to the main compartment. In this 
experiment the oxygen consumption in the absence of pentamidine was 35.5 ul. in 
the first 30 min. and in the presence of pentamidine it was 2 wl. Thus the inhibition 
in 0.001 M-pentamidine was over 90 per cent. 


DISCUSSION AND SUMMARY 


The experiments described above show that amine oxidase is present in the iris 
and nictitating membrane of cats and rabbits. The enzyme oxidizes the amines 
tyramine, adrenaline, noradrenaline, and isoamylamine ; the activity remains in the 
presence of cyanide ; and it is inhibited by pentamidine. These properties are 
characteristic of the enzyme amine oxidase. 

This evidence adds to that recently obtained by Thompson and Tickner (1951) 
of the presence of amine oxidase in the large and smail arteries and veins of the 
rabbit. Amine oxidase is evidently an enzyme of greater importance than Bacq 
concluded when he wrote in 1949 on the basis of the evidence available at that time. 

The presence of amine oxidase in the nictitating membrane makes it probable 
that the sensitization of that organ to adrenaline by cocaine, and the much greater 
sensitization to noradrenaline, are to be explained as due to the inhibition of amine 
oxidase by cocaine (Philpot, 1940). 


I should like to thank Professor Burn and Dr. Blaschko for their help and advice 
during this work. 
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STUDIES ON THE STRUCTURE-ACTION 
RELATIONSHIPS OF THE CHOLINE GROUP 


BY 


H. R. ING, PAMELA KORDIK, anp D. P. H. TUDOR WILLIAMS 
From the Department of Pharmacology, University of Oxford 


(Received October 31, 1951) 


It is well known that the ester group contributes in some important but unknown 
way to the intense physiological activity of acetylcholine (1), and consequently the 
effects of changing this unit of structure are of considerable interest in any study 
of the structure-action relationships of the choline group. Among the simpler 
changes possible are : (i) replacement of the carbonyl (C=O) group by methylene as 
in choline ethyl ether (II) ; (ii) replacement of the linking O-atom of the ester group 
by methylene as in 4-keto-amyltrimethylammonium (III); and (iii) replacement of 
both the carbonyl group and the linking O-atom by methylene groups as in n-amy!I- 
trimethylammonium (IV). Compounds II and IV have been known for many years 


O 
r + 
4 
O 
I + 
CH,;CCH,CH,CH,NMe; (iL) 
a 
CH;CH,CH,CH,CH,NMe; (IV) 


and studied in some detail, but curiously enough 4-keto-amyltrimethylammonium 
(111) has only been studied recently, mainly on the isolated heart of Venus 
mercenaria, by Welsh and Taub (1951). We have prepared this ketone and tested it 
on a variety of preparations. There are, however, two other isomeric ketones, viz. 
those in which the keto-group occupies the 2- or 3-positions with respect to the 
N-atom, and since the position of the keto-group might well affect the type and 
intensity of pharmacological response we have compared all three isomeric ketones. 
We have also included in our studies a direct comparison of the three isomeric 
ethers: O-methylhomocholine, O-ethylcholine (II), and O-n-propylformocholine, 
since, although each has been studied separately, no direct comparison of them had 
previously been made. 

Another feature of the acetylcholine structure which interested us was the length 
of the acetoxyethyl chain attached to the N-atom. Ing (1949) had suggested that in 


+ 
any homologous series of parasympathomimetic drugs of the general type RNMe,, 
the most active member would be the one which contained a 5-atom chain (excluding 
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H-atoms) in the group R. Alles and Knoefel (1939) had noted the same regularity 
earlier.* A means of testing this “ 5-atom rule ” was provided by the discovery of 
the muscarine-like activity of furfuryltrimethylammonium iodide (“ Furmethide ’’) 
by Fellows and Livingston (1940). Since the furan ring is planar and almost a 
regular pentagon (Beach, 1941), the “length” of the chain in furfuryltrimethyl- 
ammonium (V) must approximate to that of a 4-atom acyclic chain (excluding 
H-atoms), but a near approach to an acyclic 5-atom chain would be found in 


CH——CH CH——CH 
I I I I 
\ oO” \o% 
(V) (V1) 


5-methylfurfuryltrimethylammonium (VI). We have therefore prepared the iodide 
of this furan derivative and compared it with furfuryltrimethylammonium iodide. 

Several other compounds, of less immediate interest, were included in our studies 
and will be mentioned below. 

METHODS 

All the compounds prepared were tested by standard methods on the blood pressure 
of the cat anaesthetized with chloralose, on isolated rabbit auricles, on guinea-pig ileum, 
on the isolated perfused frog heart, and on the isolated frog’s rectus abdominis. On the 
first four preparations estimates of equipotent molar ratios in terms of acetylcholine were 
obtained by matching the effects of varying doses with that of a fixed dose of acetyl- 
choline. For the rectus abdominis, dose-response curves were plotted and the mean con- 
tractures produced by a fixed concentration, viz. 10°°, were used to calculate equipotent 
molar ratios ; this arbitrary method was used because most of the compounds, being 
stable to hydrolysis, gave steeper dose-response curves than acetylcholine did, and con- 
sequently no really satisfactory molar potencies could be calculated. 

It will be obvious that the equipotent molar ratios derived by these methods (Table I) 
are only approximate, but it was thought that they were sufficiently illuminating to bring 
out the important and surprising effects of minor changes in structure, and it is hoped 
that the more interesting members of the various series tested will be subjected to more 
intensive study. 


RESULTS AND DISCUSSION 


The results with most of the compounds tested are given in Table I as approxi- 
mate equipotent molar ratios, i.e., as the ratio of the number of mols of the test 
substance producing a given effect to the number of mols of acetylcholine required 
to produce the same effect. Since the molecular weights of most of the compounds 
tested differ little from that of acetylcholine, the equipotent molar ratios differ little 
from the equipotent ratios by weight. 

Most of the substances tested were not esters and therefore they must be immune 
to the hydrolytic action of cholinesterase, a circumstance which gives them an advan- 
tage in comparison with acetylcholine. In order to form some estimate of this 
advantage, representative members of the different series were compared with acetyl- 
choline on rabbit auricles in the perenne and in the absence of eserine. Serial Nos. 


* The senior or author (H.R.I. ) regrets that the paper r by. Alles and Knoefel (1939) was s unknown 
to him at the time that he put forward the “ 5-atom rule.” 
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TABLE | 





Approx. equipotent molar ratios (ACh = 1) 














Serial 
No. N and fi " : i inea- 
oO Name and formula Ce : | Rabbit — — | een 
pressure auricles | jjeym heart | rectus 
1 | 4-Keto-amyltrimethylammonium | purely | 
iodide pressor 50 | 80 416 | 1.1 
CH,CO.CH,CH.CH,NMe,}I | | 
2 | 3-Keto-amyltrimethylammonium purely | 


iodide | pressor | 250 670 1,670 | 1.3 
CH;CH.CO.CH.CH.NMe,}I 












































& 3-| 2-Keto-amyltrimethylammonium | 84 
5 iodide | pressor 
+ CH;CH.CH.,CO.CH,NMe,}I | after 
atropine | 1,660 330 5.010 | 153 
3 4 | 3-Keto-2-methylamyltrimethyl- 4,500 es a 
ammonium iodide depressor 
CH;CH.CO.CH(CH;)CH.NMe,}1 after 
atropine | 4,700 584 ' 20,000 700 
5 | 3-Ketobutyltrimethylammonium 150 
iodide | pressor | 
CH,CO.CH:CH.N Me,}I after | 
| atropine | 70 =| 167 230 0.7 
6 | O-Methylhomocholine iodide 
CH,O0CH,CH.CH.NMe,}I 39 44 98 294 23 
% 7 O-Ethylcholine iodide 8 
i B} CH;,CH,OCH,CH;N Me, }I 10 | 22 10 22 42 
3 8 | O-n-Propylformocholine perchlorate 
iD CH,CH,CH,OCH.NMWe,} CIO, 49 39 6! 392 27 
9 | n-Amyltrimethylammonium iodide | 
CH,CH,CH,.CH,CH,NMe,}I 66 44 8 325 13 
10 | Furfuryltrimethylammonium iodide | | 
| teas | | | 
s \ / CH:NMe3}l | | | 
3 O | 10-30 mo | 126 | 505 
& 11 | 5-Methylfurfuryltrimethylammonium 
< | iodide | 
a _— | | | | 
O 1-3 1.2 | 0.34 | 15 | 7,000 
12 Acetoxyethyldimethylsulphonium 
picrate 
CH,CO.OCH.CH.SMe,}C,H,O,N; 50 18 30 96 | 15 
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1, 3, 4, 5, 9, 11, and 12 (Table I) were tested in this way. Remarkably uniform 
results were obtained : compounds 1, 3, 5, 9, and 11 were all about one-tenth as 
active (in terms of acetylcholine=1), when compared with acetylcholine in the 








Fic. 1.—Cat, chloralose. Upper record, 


nictitating | membrane. Lower 
record, arterial blood pressure. At 
S, cervical sympathetic stimulated (2 
volt, 20/sec.) during period marked 
by horizontal line. At arrow 
labelled 1, 50 yg. 4-keto-amyl- 
compound injected. Note pure rise 
of blood pressure and increased con- 
traction of the nictitating membrane. 
Time marker: 30 sec. (Experiment 
of Dr. Brenda Schofield.) 


presence of eserine, as when compared in the 
absence of eserine ; for compound 4 the factor 
was one-eighth and for compound i2 one- 
seventh. These figures should be remembered 
by the reader in scanning the results recorded 
in Table I. 

All the compounds listed in Table I were 
also tested as inhibitors of the cholinesterases 
of dog’s caudate nucleus and horse serum. 
None of them produced appreciable inhibition 
of the hydrolysis of acetylcholine by either 
enzyme when present in a concentration of 
10°°M. 


Ketone series 

The outstanding feature of the three iso- 
meric keto-amyl-compounds (Serial Nos. 1-3) 
was their nicotine-like activity ; this was par- 
ticularly intense for the 4- and 3-keto-com- 
pounds, both of which produced only a rise 
of blood pressure in the cat; this effect (see 
Fig. 1 for a typical result with the 4-keto- 
compound) was pronounced when they were 
administered in doses of 0.1 to 0.2 mg., the 
4-keto-compound being somewhat more 
potent than its 3-keto-isomer. Both com- 
pounds also were approximately equipotent 
with acetylcholine in producing contracture of 
the frog’s rectus abdominis. The 2-keto-amyl- 
compound had some depressor action on the 
cat’s blood pressure in a dose of 0.2 mg. (57 
ug./kg.); increasing the dose to 0.5 mg. (143 
ug./kg.) led to a slightly greater fall, followed 
by a small rise of blood pressure. After 
atropine, doses of 0.5 mg. had no effect, but 
large doses (e.g. 50 mg.) produced a sharp and 
considerable rise of blood pressure (Fig. 25). 
The 2-keto member had therefore a less pro- 
nounced nicotine-like action on blood pressure 
than its 4- and 3-keto-isomers ; it was also con- 
siderably weaker than its isomers on the rectus 
abdominis (Table I). These results are in 
general agreement with those of Welsh and 
Taub (1951), who found that the equipotent 
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molar ratios of the three isomers on Venus mercenaria hzart were : 4-keto : 3-keto: 
2-keto= 12 : 160 : 620 (acetylcholine=1). The toxicities (LDS5O values for mice) 
followed a similar order (Welsh and Taub, 1951). 





Fic. 2.—Cat, 3.5 kg., chloralose. Blood pressure record. (a) At arrow 1 mg. 3-ketobutyl-compound 
(No. 5); note slight fall of B.P., followed by prolonged rise. (4) At first arrow, 25 yg. atropine, 
and at second arrow, 50 mg. 2-keto-amyl-compound (No. 3). (c) At first arrow, 2 mg. atropine, 
and at second arrow, 100 mg. 3-keto-2-methylamyl-compound (No. 4). Time marker: 30 sec. 
(Experiment of Professor J. H. Burn.) 


The nicotine-like activity of the 4-keto-amyl-compound was also demonstrated 
by its ability, when injected intravenously or painted directly on the superior cervical 
ganglion, to contract the cat’s nictitating membrane (see Fig. 1). 

All three keto-amyl-compounds produced muscarine-like effects on rabbit 
auricles, guinea-pig ileum, and the frog heart, and the 4-keto-compound was con- 
sistently the most potent of the three. At first sight it may seem curious that the 
4-keto-compound, with its intense nicotine-like properties, should be considerably 
more potent on these isolated tissues than the 2-keto-compound, which alone of the 
three keto-amyl-compounds had some muscarine-like action on blood pressure. 
However, the seemingly muscarine-like effects of the 4-keto-compound appear to be 
largely due to a stimulant nicotine-like action on ganglion cells ; thus, whereas hexa- 
methonium does not reduce the response of guinea-pig ileum to acetylcholine, it did 
reduce that to the 4-keto-compound to about 30 per cent of its original value (mean 
of six estimates, range 20-40 per cent). A typical result is shown in Fig. 3. Similarly 
the response of isolated rabbit auricles to the 4-keto-compound was reduced to about 
the same extent by the presence of hexamethonium in the bath, whereas that to 
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Fic. 3.—Guinea-pig ileum; 12 ml. bath. 


Test doses: ACh 1 pg. acetyl- 
choline; 1 100 pg. 4-keto-amyl- 
compound; H 1 mg. hexa- 


methonium iodide immediately 
preceding test dose and left in bath. 
Note the reduction of the response 
to the 4-keto-amyl-compound after 
hexamethonium. (Experiment of 
Dr. S. R. Kottegoda.) 





acetylcholine was unchanged (Fig. 4); the resi- 
dual muscarine-like action of the 4-keto- 
compound could then be abolished by atropine. 
It seems therefore that the effects of the 4-keto- 
compound on these isolated tissues are not 
purely muscarine-like, but are largely due to its 
outstanding nicotine-like properties. A more 
detailed analysis of the apparently muscarinic 
effects of this compound and of the other mem- 
bers of the ketone series is being carried out in 
this laboratory. 

It is well known that derivatives of @-methyl- 
choline usually have scarcely any nicotine-like 
properties and consequently it is of interest that 
the introduction of a methyl group into the 
B- or 2-position of the 3-keto-amyl-compound 
leads to a large decrease in _ nicotine-like 
activities. Whereas the 3-keto-amyl-compound 
had a purely pressor effect in the cat, the 3-keto- 
2-methylamyl-compound (Serial No. 4) had a 
small depressor effect in doses of | to 2 mg. 
(0.6 to 1.2 mg./kg.); after atropine, which 
abolished the depressor effect of small doses, no 
rise of blood pressure was observed ; indeed, 
after a full dose of atropine (2 mg. in a 3.5 kg. 
cat) a large dose of the 3-keto-2-methylamyl- 
compound (100 mg.) produced a slow but con- 
siderable fall of blood pressure (Fig. 2c). The 
absence of a demonstrable nicotinic action on 
blood pressure is perhaps even more striking in 
this 3-keto-2-methylamyl-compound than it is in 
acetyl-8-methylcholine (Simonart, 1932), since 
the former is a f-methyl derivative of an 
intensely nicotinic substance. The introduction 
of the B-methyl group appears to have largely 


blocked the characteristic properties of the 3-keto-amyl-compound without confer- 
ring any fresh properties upon the new compound ; thus all its actions, except that 
on guinea-pig ileum, were considerably weaker than those of the 3-keto-amyl- 
compound (see Table 1) ; on the rectus abdominis it was nearly seven hundred times 
weaker than the 3-keto-amyl-compound. 

The 3-ketobutyl-compound (Serial No. 5) had a slight depressor effect upon the 
cat’s blood pressure, less than that of the 2-keto-amyl-compound ; in doses of about 
0.6 mg. per kg. it produced a slight fall, followed by a prolonged rise of blood 
pressure (Fig. 2a); after atropine, similar doses produced a pure rise of blood 
pressure. In all other tests it was more active than its higher homologue, the 3-keto- 
amyl-compound ; it might be thought, therefore, that this 3-ketobutyl-compound, 


with its 4-atom chain, provides an exception to the “ 5-atom rule ” mentioned above ; 
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however, this rule, as originally postulated (Ing, 1949), applied only to parasympatho- 
mimetic (i.e. muscarinic) properties, and only further investigation can reveal whether 
the effects of this compound on isolated tissues are purely muscarinic or, as seems 
more probable, like those of the 4-keto-amyl-compound, largely nicotinic. 

The occurrence of almost purely nicotine-like properties in the members of the 
ketone series (except in Serial No. 4) is remarkable, and could scarcely have been 
predicted from a consideration of the structure of acetylcholine. The contrast 
between the 4-keto-amyl-compound and the predominantly muscarinic ethyl ether 





FiG. 4.—Rabbit auricles; 75 ml. bath. W -- bath washed out. H 10 mg. hexamethonium iodide 
added to bath. Note that hexamethonium did not reduce the ejfect of 10 ug. acetylcholine 
(ACh), but it did reduce that of 1 mg. 4-keto-amyl-compound (No. 1). 

of choline (Dale, 1914) is particularly striking in view of the close structural relation- 

ship which they both bear to acetylcholine (see formulae I, I] and III on p. 103). It 

might be concluded that the dual nature of the physiological effects, which acetyl- 
choline is well known to produce, was in some way linked to the presence in its 
structure of both carbonyl and ether groups. It would, however, be rash to draw 
this conclusion because the ester group is a resonating sysiem (usually assumed to 
be a hybrid of the structures : 
O O 
4 if 

R-—-C and R--C 

\ ies 
O—R’ O—R’ 


and_.its properties cannot be regarded as a summation of those of a ketone and an 
ether. 


Ether series 

The three ethers (Serial Nos. 6, 7, and 8) have all been studied previously, 
O-methylhomocholine by Simonart (1928), O-ethylcholine by Dale (1914) and 
Simonart (1932), and O-propylformocholine by Ewins (1914) and Hunt and 
Renshaw (1932b). The results in Table I show clearly, what might have been anti- 
cipated, that O-ethylcholine is the most potent in muscarine-like activities. The 
potencies of O-methylhomocholine and O-propylformocholine are remarkably alike 
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on all five preparations, and it is noteworthy that both ethers are nearly twice as 
active as O-ethylcholine on the rectus abdominis. Dale (1914) was the first to draw 
attention to the fact that the muscarine-like properties of O-ethylcholine were more 
prominent than its nicotine-like properties ; this appears not to be true of the other 
two isomeric ethers, which on all preparations except guinea-pig ileum resemble 
amyltrimethylammonium (Serial No. 9) more closely than they do O-ethylcholine. 


The furfuryl series 

The chief point of interest in this series was that the 5-methylfurfuryl-compound 
(Serial No. 11) was considerably more active in its muscarine-like effects than 
furmethide (Serial No. 10); thus it was about ten times more active on the cat’s 
blood pressure, and even more so on some isolated tissues (see Table 1). Both 
compounds appear to be primarily muscarine-like drugs, but they do display some 
nicotine-like effects, particularly on the superior cervical ganglion and on the dener- 
vated gastrocnemius of the cat. The 5-methylfurfuryl-compound produced a con- 
siderable contraction of the cat’s nictitating membrane when injected intra-arterially 
in a dose of 0.1 mg.; it was also, effective when a 1 mg./ml. solution was painted on 
the superior cervical ganglion. In the perfused superior cervical ganglion of the cat 
it was about one-quarter as effective as acetylcholine or 2268F (acetal of 3: 2- 
dihydroxypropyltrimethylammonium iodide). On the denervated gastrocnemius of 
the cat the 5-methylfurfuryl-compound was again about one-quarter as active as 
acetylcholine and 2268F in eliciting a muscle twitch ; the furfuryl-compound (Serial 
No. 10) was less active, being about one-twentieth as active as acetylcholine. On 
the other hand, neither the 5-methylfurfuryl-compound nor furmethide produced a 
rise of blood pressure in the cat after atropine, even in high doses.* Both compounds 
were also considerably weaker than acetylcholine in producing contracture of the 
frog’s rectus abdominis (Table I). The 5-methylfurfuryl-compound has also been 
shown by Grewal (1951) to be some 13.5 times as powerful a miotic in the mouse as 
furmethide, and to be as potent in this respect as 2268F. It is also a more potent 
drug in constricting the bladder than carbachol, but at the same time has a lower 
acute toxicity (Lourie, 1952). 

The synthesis of the 5-methylfurfuryl-compound was undertaken as a means of 
testing the “5-atom rule.” The fact that the compound is considerably more active 
in its muscarinic effects than furmethide is in agreement with the rule. Two other 
isomeric methylfurfuryl compounds are, however, possible, namely the 4-methyl- 
furfuryl-compound (VII) and the 2-methylfurfuryl-compound (VIII), of which the 
former (VII) may be regarded as having the equivalent of a 5-atom acyclic chain. 


CH CH; 


rT + rT] 4 
Il CH.NMe,; || CH,NMe, 
\o”% \o% 
(VID (VU 


Until these new isomers have been prepared and tested it would be unwise to draw 
firm conclusions from the present results. The higher activity of the 5-methylfurfuryl- 








* We are indebted to Dr. E. M. Lourie for these results on the nicotinic properties of the 5- 
methylfurfuryl-compound. His more detailed investigations on this compound will be published 
separately. 
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compound might conceivably be due to the effect of the methyl group on the furan 
ring, which would be to reduce somewhat the aromatic character and stability of the 
ring. 

The 5-atom rule had a purely empirical basis, but it involves the notion that 
spatial factors play an important part in determining the intensity of muscarinic 
effects. Consequently it is worth drawing attention to the spatial characteristics of 
these furan derivatives. In both furmethide and the 5-methylfurfuryl-compound 
the O-atom and all the C-atoms, except those of the N-methyl groups, will lie in the 
same plane ; thus in the 5-methylfurfuryltrimethylammonium cation all the atoms 
printed in bold type in formula (IX) will be coplanar. In acetylcholine too, owing 


H H 
Ne ro Oo 
c-—c i 
i i Cc CH, 
Cc Cc , a a. * + 
a i. H,C re) CH.NMe, 
H,C O CH.NMe; 
(IX) (X) 
O 


a 
to resonance in the maa group, flattening of the ester group will occur and the 
= 


mean positions of all the atoms printed in bold type in formula (X) will be coplanar. 
It is possible that the substantial flatness of the cations of the furfuryl- and 
S-methylfurfuryl-compounds may contribute to their effectiveness at parasympathetic 
nerve endings. In this connexion it is interesting that tetrahydrofurfuryltrimethyl- 
ammonium iodide, in which only the atoms composing the ring will be coplanar 
(cf. formula XI), has about one-tenth of the parasympathomimetic activity of fur- 
methide (Fellows and Livingston, 1940). At the same time it must be remembered 





H,C-——CH, aan ie 
| | 
H.C CH CH CH 
ee fst 9 
fe) CH.NMe, CH; oO CH.NMe, 
(XI) (XII) 


that 2268F (XII ; coplanar atoms in bold type) is one of the most potent synthetic 
parasympathomimetic compounds known. 

5-Hydroxymethylfurfuryltrimethylammonium iodide (in which the 5-methyl 
group of formula VI is replaced by HOCH, — ) was also prepared and tested, but its 
activities on the five preparations used were too weak to make its detailed study of 
any interest. 


Miscellaneous compounds 

Holton and Ing (1949) reported the relatively high activity of acetoxyethyl- 
dimethylethylammonium iodide (XIII ; R=C,H,); this compound, in which one of 
the N-methyl groups of acetylcholine is replaced by ethyl, was between a half and a 
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fifth as active as acetylcholine. In discussing the theoretical implications of this 
result, Holion and Ing pointed out that, although compounds of type (XIII) contain 
the two N-methyl groups, which they regarded as essential for high activity in com- 
pounds of this type, it was impossible to predict how the nature of the group R would 
influence activity, and they recalled the results of Hunt and Renshaw (1929) with 
the compound in which R was benzyl and those of Hunt and Taveau (1911) with the 
compound in which R was isoamyl ; both these compounds had activities comparable 
with that of choline. We have since prepared the compounds in which the R group 


CH, )} 


+/ + —~ 
CH,CO.OCH,CH,N—-CH, } | | CH,;CO.OCH.CH.SMe2}C,H.O,N, 
\ 
R 4 
(XI) (XIV) 


of formula (XIII) is n-propyl and n-butyl. Both these compounds proved to be 
exceptionally weak on ail five preparations used and certainly not more active than 
choline itself. The conclusion seems to be inevitable that groups larger than ethyl 
in structure (XIII) interfere with the attachment of the cation to the excitable struc- 
ture, which normally responds to the impact of acetylcholine, to such an extent as 
to overshadow the effect of the presence of two N-methyl groups in the cation. 

In the same paper Holton and Ing discussed the results of Welch and Roepke 
(1935) with the phosphorus and arsenic analogues of acetylcholine. At that time 
the sulphur analogue had not been tested, although Hunt and Renshaw (1925, 1932a) 
had studied the sulphur analogues of choline phenyl ether and acetylformocholine. 
We have now prepared and tested acetoxyethyldimethylsulphonium picrate (XIV, 
and our results are included in Table I. If our results are compared with those of 
Welch and Roepke (see Holton and Ing; 1949) it will be seen that acetylsulpho- 
choline is consistently less active than acetylphosphocholine and not strikingly more 
active than acetylarsenocholine. Two factors may contribute to this result: the 
presence of only two, instead of three, methyl groups on the S-atom and the size of the 
latter. The S—C bond length (1.82A) differs little from that of the P—C bond length 
(1.87A) (see Pauling, 1939), but some uncertainty exists about the angle between 
the bonds of tricovalent sulphur, so that a reliable estimate of the carbon to carbon 
distance b2tween two methyl groups in a sulphonium compound cannot be given. 

One other compound was prepared, namely N : N’-bis-acetoxyethyl-N : N’- 
dimethylethylene diamine dimethochloride, the relationship of which to acetyl- 


CH, CH; 

+ 4 \+ 
CH,CO.0.CH,;CH: N—CH,—CH,—N.CH,CH,0.CO.CH,, 
\ ro 
\ i 
CH, CH, 

(XV) 


choline is made plain in formula (XV). This substance was, however, extremely 
feeble in its action on all five preparations and certainly less active than choline ; it 
‘was also extremely easily hydrolysed in aqueous solution. 
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CHEMICAL SECTION 
All melting points uncorrected. Analyses by Drs. Weiler and Strauss. 


Ketone series 


The three keto-amyltrimethylammonium iodides were prepared from the correspond- 
ing chloroketones by reaction with aqueous dimethylamine and subsequent treatment of 
the dimethylaminoketones with methyl iodide in ether at a low temperature. -Dimethyl- 
aminoethyl ethyl ketone, being a Mannich base, reacts violently with methyl iodide, even 
at 0° C., with the formation of tetramethylammonium iodide, but if methyl iodide is 
added to an ethereal solution of the base, cooled in a solid CO,-acetone mixture, and the 
solution is allowed to warm up slowly as the CO, evaporates nearly theoretical yields of 
the quaternary salt are obtained. y-Dimethylaminopropyl methyl ketone and dimethyl- 
aminomethyl propyl ketone react smoothly with methyl! iodide in ethereal solution at —10° 
to 0° C. 

The chloroketones.—y-Chloropropyl methyl ketone was prepared by passing hydrogen 
chloride into an acetic acid solution of acetobutyrolactone at 85—90° C., the lactone being 
obtained from ethyl acetoacetate and ethylene oxide in aqueous alcoholic caustic soda 
solution. 

8-Chloroethyl ethyl ketone was obtained by bubbling ethylene into a violently-stirred 
solution of propionyl chloride and aluminium chloride in nitromethane at 0° C. (see 
Cardwell and McQuillin, 1949). 

Chloromethyl n-propyl ketone was prepared by the Arndt-Eistert synthesis from pro- 
pionyl chloride and diazomethane. 


4-Keto-amyltrimethylammonium iodide crystallized from acetone-ethanol, m.p. 100— 
102° C.; hygroscopic. Found: C, 35.75; H, 6.65. Cale. for C,H,,ONI: C, 35.45; 
H, 6.65%. Welsh and Taub (1951) record m.p. 87—90° C. 


3-Keto-amyltrimethylammonium iodide crystallized from ethanol, m.p. 146° C. 
Found : C, 35.3 ; H, 6.50. Calc. for C,H,,ONI: C, 35.45 ; H, 6.65%. Welsh and Taub 
(1951) record m.p. 142-144° C. 


2-Keto-amyltrimethylammonium iodide crystallized from ethanol, m.p. 154° C. 
Found : C, 35.45 ; H, 6.58. Calc. for C,H,,ONI: C, 35.45 ; H, 6.65%. Welsh and Taub 
(1951) record m.p. 148—151° C. 


3-Keto-2-methylamyltrimethylammonium iodide.—S-Dimethylamino-3-keto-4-methyl- 
pentane was prepared by a Mannich condensation of diethyl ketone, dimethylamine hydro- 
chloride, and paraformaldehyde in ethanol ; its methiodide was prepared by direct reaction 
with methyl iodide in a flask cooled by a solid CO,-acetone mixture. The iodide crystal- 
lized from ethanol in needles, m.p. 158° C. Found: C, 37.95; H, 6.98. C,H,,ONI 
requires C, 37.90 ; H, 7.13%. 

3-Ketobutyltrimethylammonium iodide.—Methyl vinyl ketone (1 mol.) and anhydrous 
dimethylamine (2 mol.) were mixed in a bottle cooled in a CO,--cetone mixture. The 
bottle was stoppered (wired on) and left at room temperature for 48 hr. $-Dimethyl- 
aminoethyl methyl ketone was isolated by fractional distillation and converted into its 
methiodide as described for other Mannich bases ; it crystallized from ethanol in prisms, 
m.p. 115° C. Found : C, 31.80 ; H, 6.36. C,H,,ONI, $H,O requires C, 31.80 ; H, 6.39%. 


Ether series 
O-Methylhomocholine iodide—The monomethyl ether of trimethylene glycol, pre- 

pared by the method of Noyes (1897), was added slowly to a chloroform solution of 

phosphorus tribromide, prepared by running the theoretical amount of bromine into a 


H 
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suspension of red phosphorus in chloroform under reflux. y-Methoxypropyl bromide, so 
obtained, was shaken with excess aqueous dimethylamine at room temperature ; dimethyl- 
aminopropyl methyl ether, isolated by fractional distillation, reacted rapidly with methyl 
iodide in ether solution to give the quaternary iodide ; prisms from ethanol, m.p. 221° C. 
Found : C, 32.60 ; H, 6.55. C,H,,ONI requires C, 32.44 ; H, 6.95%. 


O-Ethylcholine iodide-——Dimethylaminoethy] ethyl ether, prepared from ethoxyethyl 
bromide and aqueous dimethylamine at about 80°, was converted into its methiodide in 
ether. The salt crystallized from acetone-ethyl acetate, m.p. 159°. Found: C, 32.25; 
H, 6.76. Calc. for C,H,,ONI requires C, 32.44; H, 6.95%. Knorr (1904) records m.p. 
160-165° C. 

The corresponding f-ethoxyethyldimethylethylammonium iodide was obtained by 
allowing a solution of dimethylaminoethyl ethyl ether and ethyl iodide to stand for 
several days. It was crystallized by carefully pouring dry ether on to the surface of its 
solution in acetone-ethyl acetate and allowing the solution to stand undisturbed for a few 
days ; needles, m.p. 58°. Found: C, 35.0; H, 7.23. C,H,,ONI requires C, 35.18; H, 
7.33%. 


O-Propylformocholine perchlorate-——Chloromethyl n-propyl ether, prepared from 
n-propanol, formaldehyde, and hydrogen chloride (Henze, Duff, Matthews, Melton, and 
Forman, 1942) was treated with anhydrous trimethylamine in dry ether at a low tem- 
perature (CO,-acetone freezing mixture); reaction was rapid and the solid iodide 
separated as a very hygroscopic powder. Its concentrated solution in dry ethanol was 
treated with the theoretical amount of 60 per cent perchloric acid at —10° C. and the 
perchlorate which separated recrystallized from ethanol ; felted needles, m.p. 97°-99° C. 
Found : C, 36.42 ; H, 7.96. C,H,,O,NCI requires C, 36.28 ; H, 7.78%. 


Furfuryl series 


The furfuryl compounds were prepared by two different methods. 

(i) 2-Methylfuran and 2: 5-dimethylfuran were converted into the respective furfuryl 
bromides by means of N-bromosuccinimide in dry carbon tetrachloride (Buu-Hoi and 
Lecocq, 1946). No attempt was made to isolate these highly reactive bromides ; their 
solutions in carbon tetrachloride were cooled in a CO,-acetone freezing mixture and 
treated with the theoretical amount of anhydrous trimethylamine, when an immediate 
reaction ensued, The quaternary bromides were converted to picrates by treating their 
aqueous solutions with excess calcium picrate solution, and the picrates recrystallized 
from water. 


(ii) Furfuryldimethylamine was prepared from furfural as described by Moore (1949) 
and 5-methylfurfuryldimethylamine from 2-methylfuran (sylvan) by the method of 
Holdren and Hixon (1946), except that paraformaldehyde was used instead of formalin 
and the reaction was performed in alcoholic solution (yield 60%). 5-Hydroxymethyl- 
furfuryldimethylamine was prepared from furfurol in a similar way. The tertiary bases 
were converted into methiodides in the usual way in ether solution. 


Furfuryltrimethylammonium picrate, yellow needles from water, m.p. 161.5°. Found : 
C, 45.70; H, 4.0. C,,H,,O,N, requires C, 45.67; H, 4.35%. The iodide crystallized 
from ethanol-ethyl acetate, m.p. 118-120° (Holdren and Hixon record 118—119°). 


5-Methylfurfuryltrimethylammonium picrate, yellow leaflets from water, m.p. 146°. 
Found: C, 47.35; H, 4.70. C,,H,,O,N, requires C, 47.15; H, 4.71%. The iodide 
formed large prisms from ethanol, m.p. 156°. Found: C, 38.90; H, 5.56. C,H,,ONI 
requires C, 38.45 ; H, 5.64%. 


5-Hydroxymethylfurfuryltrimethylammonium iodide, crystallized from ethanol in 
needles, m.p. 128°. Found : C, 36.45 ; H, 5.61. C,H,,O,N¥ requires C, 36.35 ; H, 5.39%. 
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Miscellaneous compounds 


Acetoxyethyldimethylpropylammonium iodide was prepared by boiling an acetone 
solution of dimethylaminoethyl acetate and n-propyl iodide. The product was precipitated 
with dry ether and crystallized from acetone ; m.p. 107—-108°. Found: C, 36.3; H, 6.63. 
C,,H,,O,NI requires C, 35.9 ; H, 6.64%. 


Acetoxyethyldimethylbutylammonium iodide was prepared similarly from dimethyl- 
aminoethyl acetate and n-butyl iodide in methyl ethyl ketone solution. It was crystal- 
lized from acetone ; m.p, 88-89°. Found: C, 38.5; H, 6.92. C,,H,,O,NI requires C, 
38.1; H. 6.98%. 


Acetoxyethyldimethylsulphonium picrate-——S-Methylmercaptoethyl acetate reacted 
slowly with methyl iodide at room temperature to form a gummy salt, which was dis- 
solved in water and treated with calcium picrate solution. The picrate crystallized from 
water in long needles, m.p. 135°. Found: C, 38.40; H, 4.06. C,H,,0,S, C,H,O,N, 
requires C, 38.25 ; H, 3.98%. 


N : N’-bis-acetoxyethyl-N : N’-dimethylethylene diamine dimethiodide—N:N:N’: 
N’-Tetramethylethylene diamine and B-iodoethylacetate were allowed to react together in 
dry ethanol at room temperature until the smell of the amine was imperceptible. The 
solution was evaporated to dryness ; the solid residue crystallized from ethanol in silky 
needles. Found: C, 31.15; H, 5.53. C,,H,,0O,N,[I, requires C, 30.90; H, 5.52%. 

The dimethochloride was prepared by boiling dimethylaminoethanol and ethylene 
dichloride in ethanol for four hours and acetylating the dry salt, obtained on evaporation 
of the reaction solution, with boiling acetic anhydride. After removal of excess acetic 
anhydride in vacuo the solid dimethochloride was crystallized from acetone-ethanol ; it 
formed hygroscopic needles, m.p. 170°. Found: C, 45.8; H, 8.42. C,,H,,0,N,Cl, 
requires C, 46.5 ; H, 8.32%. 


10 


SUMMARY 


Several groups of substances, all related in structure to acetylcholine, have been 
synthesized and tested on the following five preparations : cat blood pressure, rabbit 
auricles, guinea-pig ileum, frog heart, and frog rectus abdominis. 


Ketone series——The three isomeric keto-amyltrimethylammonium iodides are 
primarily nicotine-like in their actions, the order of activity being 4-keto> 
3-keto>2-keto. The apparently muscarinic effects of the 4-keto-amyl-compound on 
rabbit auricles and guinea-pig ileum are largely due to stimulation of ganglion cells 
since they are considerably reduced by hexamethonium iodide. 3-Ketobutyltrimethyl- 
ammonium iodide is also primarily nicotine-like, but 3-keto-2-methylamyltrimethyl- 
ammonium iodide lacks the pronounced nicotinic properties of the 3-keto-amyl- 
compound. 


Ether series——Direct comparison shows that O-ethylcholine is a more potent 
muscarinic substance than either of its isomers, O-methylhomocholine and 
O-n-propylformocholine. The activities of the two latter substances are remarkably 
alike and resemble those of n-amyltrimethylammonium more closely than those of 
choline ethyi ether. 

Furfuryl series—In agreement with the “5S-atom rule,” 5-methylfurfuryltri- 
methylammonium iodide is a more potent muscarinic substance than its lower homo- 
logue, furfuryltrimethylammonium iodide. 
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Other compounds.—Unlike acetoxyethyldimethylethylammonium iodide, its 
homologues, acetoxyethyldimethyl-n-propyl- and  acetoxyethyldimethyl-n-butyl- 
ammonium iodides, have only feeble activities, not greater than those of choline. 


The activities of the sulphur analogue of acetylcholine (acetoxyethyldimethy]l- 
sulphonium) are consistently less than those recorded in the literature for acetyl- 
phosphocholine. 


We should like to acknowledge our good fortune in receiving indispensable help in 
the testing of our compounds from several members of this Department. We wish in 
particular to thank Professor J. H. Burn and Dr. E. M. Lourie, who undertook experi- 
ments in order to settle particular points. Professor Burn also gave us invaluable help 
in the design and execution of our routine tests. We wish also to thank Dr. Brenda 
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Quaternary nitrogen compounds and their analogues, collectively designated as 
“ onium ” compounds, exhibit a considerable variety of pharmacological actions, 
and the study of structure-action relationships in this group has been a fruitful one 
for pharmacologists since the original and classical observations of Crum Brown 
and Fraser (1869). 

A large number of “ onium ” compounds have the property of stimulating auto- 
nomic ganglion cells when injected into the circulation. This property was first 
demonstrated for the non-quaternary compound nicotine and is generally referred 
to as a nicotine-like stimulant effect. 

The extensive studies of Hunt and Taveau (1911) enabled them to make the ' 
generalization that maximum activity (both “ muscarinic ” and “ nicotinic ”) was to 
be found in compounds containing the grouping— 


4 
—O—CH,CH,N(CH;); 





Much subsequent work in the field by Hunt and his co-workers and by many others 
has tended to confirm ‘this early generalization. 

' An examination of this work led the author (1949) to extend this early obser- 
vation, and to put forward a tentative hypothesis that maximum nicotine-like 


stimulant action would be found in ions of the type, RO.CH,CH.N(CH,),, where 
the character of the group R is such that maximum mesomeric deviation towards y 
structures of the type— 


_ + + 
R: O.CH,CH,N(CHs); 


would be expected. 

The first part of this paper is devoted to a review of the literature on compounds 
with nicotine-like stimulant activity, and presents the evidence which led to the 
formulation of the hypothesis. It is not practicable to include all available data, and 
only such points as appear pertinent to the argument will be brought forward. The 
second part of the paper provides evidence in support of the hypothesis based on a 
quantitative study of the activities of some of the compounds mentioned in the first 
part, and also of some new ones prepared in view of their theoretical interest. 
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Part | 


A very large number of “onium ” ions, exhibiting very diverse structures, are 
capable of stimulating autonomic ganglia. Of these, the great majority only do so 
when the dose is so large as to make it undesirable to attribute any great pharma- 
cological significance to the results. A careful search confirmed the generalization 
that, with the exception of nicotine itself, all ions showing a high degree of activity* 
contain the structure— 


" 
—Q—C—C—N(CH;)s 


A large number of compounds containing this structural unit have been made, and 
their pharmacological properties investigated. Compounds in this category, how- 
ever, include substances with the highest degree of activity so far described, and 
others which appear to be completely inactive. 

The evidence from the literature in favour of specific structural requirements will 
be dealt with under three headings. 


(i) The structure of the cationic head of the ion 

Both muscarine-like and nicotine-like stimulating compounds appear to require 
that three methyl groups be attached to nitrogen if maximum activity is to be 
preserved. Replacement of the methyl groups by larger alkyl groups or heterocyclic 
rings always reduces activity. If the “onium ” nitrogen atom is replaced by phos- 
phorus, arsenic, antimony, or sulphur the activity is likewise reduced. 

Burn and Dale (1914) showed that whereas tetramethylammonium has pro- 
nounced activity, tetraethylammonium is inactive and, in fact, has a blocking action. 
Acheson and Moe (1946) and Acheson and Pereira (1946) have shown that tetraethyl- 
ammonium has a weak stimulating action, although it is certainly very much less 
pronounced than with tetramethylammonium. 

Replacement of one methyl group of tetramethylammonium by n-butyl, benzyl, 
phenyl, vinyl, or allyl groups was shown (Hunt, 1926) to give compounds which were 
all less active than the parent ion. Among other simple quaternary compounds 
Hunt and Renshaw (1925) found that tetramethylphosphonium, tetramethylarsonium, 
tetramethylstibonium, and trimethylsulphonium were all less active than tetramethyl- 
ammonium. 

Holton and Ing (1949) studied the effects of successively replacing the methyl 
groups by ethyl in the cationic head of acetylcholine, and observed a rapid reduction 
of both muscarine-like and nicotine-like stimulant activities as each change was made. 

Choline phenyl ether (Hunt and Renshaw, 1929a) appears to have the greatest 
activity, with the possible exception of the phenyl ether of a-methylcholine (Hunt and 
Renshaw, 1936); but 8-phenoxyethyltriethyl ammonium bromide (Hunt and Ren- 
shaw, 1933 ; Biilbring and Depierre, 1949) is inactive. Various other B-phenoxyethyl 
compounds in which the “ onium ” nitrogen is part of heterocyclic structures show 
only very slight activity (Hunt and Renshaw, 1929b); -pherioxyethyldimethyl- 
sulphonium iodide shows approximately one-tenth the activity of choline phenyl ether 
(Hunt and Renshaw, 1932), and Hunt and Renshaw (1925) stated that the phos- 
phonium analogue of acetylcholine is inactive. 


*In this and subsequent parts of the paper the word “ activity’ without other qualification 
should be taken to mean “ nicotine-like stimulating activity.” 
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If, in substances which otherwise show appreciable activity, methyl groups of the 
cationic head are replaced by hydrogen atoms a large fall in activity occurs ; this is 
probably to be associated with the reduced stability of the ion, since stability appears 
to be essential for high activity. Levy and Ditz (1934) studied the properties of 
8-phenoxyethylamine and N-(8-phenoxyethyl) dimethylamine, which represent the 
application of this process to the very active choline phenyl ether ; they found both 
these compounds to have a weak pressor effect, but they did not determine whether 
this was a nicotinic action. The second of these compounds was, however, found 
by Justin-Besangon and Kohler (1937) to stimulate autonomic ganglia ; from their 
evidence the writer estimates the activity to be of the order of one five-hundredth or 
less that of choline phenyl ether. Stehle, Melville, and Oldham (1936) applied the 
same process to acetylcholine and were unable to demonstrate nicotine-like actions 
in the compounds produced. 

These observations confirm generalizations made by previous workers that the 


a 
cationic head of the ion must be -N(CH,), if maximum activity is to be preserved. 


(ii) Influence of the chain structure interposed between the “ ether” oxygen and 
quaternary nitrogen atoms 


The structure of the chain interposed between the “ether” oxygen and the 
quaternary nitrogen atom appears to be highly critical, and must be two carbon 
atoms if the ion is to show a high degree of activity. 

The critical value of chain length may be illustrated by the activities of many 
compounds described in the literature, and, in all these examples, the derivatives of 
* y-homocholine ” and “ formocholine ” are much less active than the corresponding 
choline derivatives ; thus, although choline phenyl ether has an intense nicotine-like 
action, the phenyl ether of y-homocholine has been shown (Hunt and Renshaw, 
1929c) to have negligible activity. The same relationship applies in the benzoyl 
esters of choline and y-homocholine ; the former (Hunt and Taveau, 1906) appears 
to be feebly nicotine-like, while the latter is very much less active. Acetyl-y- 
homocholine (Hunt and Taveau, 1911) is also less active than acetylcholine. 

Data for compounds with a shorter chain length are of doubtful value for, as 
Stewart and Kung (1933) have pointed out, such compounds are extremely unstable, 
and thus proof of structure is lacking. Hunt and Renshaw (1925), however, reported 
that acetylformocholine was less active than acetylcholine. 

One exception to this rule was reported by Simonart (1928), who found the methyl 
ether of y-homocholine to be more active than the corresponding choline derivative. 
Since, however, both these compounds show only a low order of activity it would 
not appear to be a serious objection to the argument. 

Branching of the chain may profoundly modify the activity of choline derivatives. 
If the branch is at the a-carbon atom the activity does not appear to be greatly 
reduced, and may possibly be slightly increased, although too few examples of this 
modification have been described to permit generalization. Simonart (1932) reported 
that acetyl-e-methylcholine was as active as acetylcholine, while Hunt and Renshaw 
(1936) state that the phenyl ether of a-methylcholine has perhaps twice the activity 
of the phenyl ether of choline. 

Beta-substitution appears to reduce activity greatly, although it has not been tried 
in compounds which otherwise show high degrees of activity. Hunt and Renshaw 
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(1936) mention the phenyl ether of B-methylcholine, but no account of its pharma- 
cology has been given. It is well known that acetyl-8-methylcholine lacks the 
nicotine-like properties of acetylcholine (Hunt and Taveau, 1911 ; Simonart, 1932 ; 
Comroe and Starr, 1933). 

Simonart (1932) also studied propionyl-@-methylcholine and found it less active 
than propionylcholine, and the same author (1934) reported that acetyl-8-ethyl- 
choline is inactive. Simonart (1934) states that carbamyl-8-methylcholine has no 
nicotine-like activity although carbamylcholine is very active. 

The alkyl ethers of choline and f-alkylcholines, extensively studied by Simonart 
(1932, 1934), show a few anomalies. Although alkyl ethers of choline do not, in 
general, exhibit appreciable activity it should be pointed out that the n-butyl ether 
of choline is slightly active. The methyl and ethyl ethers show negligible activity 
(Dale, 1914 ; Simonart, 1928, 1932), but Simonart (1934) ascribed weak nicotine-like 
properties to the methyl ether of 8-butylcholine, although the corresponding ethyl 
ether was inactive. No other alkyl ethers of B-alkylcholines appear to have appre- 
ciable activity. 

An apparent exception to this rule that B-substitution reduces activity is seen in 
a series of compounds examined by Renshaw, Dreisbach, Ziff, and Green (1938). 
These workers found that acetyl-8-methylthiocholine was more active than acetyl- 
thiocholine which, in turn, was more active than acetylcholine. 

The compound Meprochol (2-methoxypropenyltrimethylammonium bromide) 
which, for reasons which will appear in the next section, would be expected to show 
some activity is, in fact, inactive (Hecht, 1935); this inactivity no doubt being due 
to the fact that it may properly be regarded as a f-substituted choline derivative. 

Betaine and its esters show the same requirements, as already stated, of quaternary 
nitrogen to “ ether ” oxygen distance, although in these instances the B-carbon atom 
is part of a carbonyl group. These compounds (Hunt and Renshaw, 1926) show no, 
or relatively little, activity. Betaine amide and anilide, which lack the “ether” 
oxygen, may show greater activity than the esters, in which the “ether” oxygen is 
present (Hunt and Renshaw, 1926, 1929c). 

Homologues of betaine derivatives have been described by Bass, Schueler, 
Featherstone, and Gross (1950) and Burgen and Hobbiger (1949) ; these compounds 
show some activity although not of a high order. 

The actions of a number of cyclic compounds, which may be regarded as 
B-substituted choline derivatives, have been studied. The most active of these would 
seem to be compound 2249F, described by Fourneau, Bovet, Bovet, and Montézin 
(1944), although the work of Ambache (1949) makes it doubtful if its action is truly 
nicotinic. The lactone compound, 4-trimethylammonium-y-valerolactone (759L) 
studied by Dallemagne and Philippot (1949) would appear to be moderately active in 
the dog. Furfuryltrimethylammonium and _tetrahydrofurfuryltrimethylammonium 
bromides (Fellows and Livingston, 1941, 1942) are extremely weak and, even in 
doses of the order of 10 mg./kg., produce responses in only about half of the animals 
used. 


(iii) The influence of the group R attached to the “ ether’ oxygen atom 


The available evidence strongly suggests that the electron density of the ether 
oxygen atom is an important factor and, further, that activity increases as the electron 
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density decreases. Examples of this are readily found in the large number of choline 
ethers which have been described, and the more significant of these will be briefly 
mentioned. 

Various observers (Dale, 1914; Burn and Dale, 1914; Simonart, 1928, 1932) 
have shown that choline ethyl ether has, at most, very feeble nicotine-like properties ; 
but Simonart (1932) reported that the vinyl ether showed a substantially higher degree 
of activity. The spatial characteristics of these two molecules are essentially similar, 
but the fact that resonance can occur between the vinyl group and the oxygen atom, 
with consequent reduction of electron density of the oxygen, and that this cannot 
occur in the ethyl ether, suggests that this reduction may be asséciated with the 
increased activity. 

A substantial mass of further evidence also tends to demonstrate this apparent 
connexion. As already stated, choline phenyl ether is extremely active, and this 
activity might be associated with the higher degree of resonance to be expected in 
this compound as compared with the vinyl ether. In the benzyl ether, where, by 
interposition of a -CH,— group between the phenyl group and oxygen, this resonance 
is diminished, we would expect a less active compound. Hunt and Renshaw (1936) 
have shown that a very marked reduction in activity does in fact occur when this 
modification is made. 

Nuclear substituents could increase or decrease the activity relative to choline 
phenyl] ether according to whether they operated to increase or decrease the electron 
density of the oxygen atom. In the first category no compounds have been noted, 
but in the second Hunt and Renshaw have described many and, in all instances, 
found reduced activity. These substituents, with references, are: 2-methy], 
3-methyl, 4-methyl, 4-ethyl, 4-tfert-butyl, 2-isopropyl-5-methyl, 4-amino (1936) ; 
2-methoxy, 4-methoxy, 4-hydroxy, 4-acetamido, 4-benzoyloxy (1929a). 

Choline esters show more complex relationships than the ethers, and a wider 
variety of pharmacological actions. ‘The benzilic ester (Ing, Dawes, and Wajda, 
1945) and N: N-dialkylcarbamic esters (Swan and White, 1944) have marked 
atropine-like actions ; the succinic ester (Bass et al., 1950) has a powerful neuro- 
muscular blocking effect ; the nitric ester (Hunt and Renshaw, 1925) has a marked 
ganglion blocking action. 

In esters of the type— O 


lI u 
R—C—O.CH;CH,N(CH;), 


resonance may take place either between the group R and the carbonyl group or 

etween the carbonyl group and the ether oxygen atom. On the basis of the hypo- 
thesis proposed, activity should increase when the character of the group R is such 
that it enters less readily into resonance with the carbonyl group. 

Although many choline esters have been studied the published results are not, 
in general, sufficiently quantitative to permit conclusions to be drawn concerning 
their relative activities. Some indication of the results which would be expected in 
this series, together with some of the actual results obtained by previous workers 
will, however, be considered. 

If, in acetylcholine, one hydrogen of the acetyl group is replaced by successively 
longer alkyl chains, a sharp increase in activity would be expected in passing from 
acetyl to propionyl, followed by smaller increases as the chain is extended to give 
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the n-butyryl and n-valeryl esters. This series was the subject of a quantitative study 
by Simonart (1932) and Chang and Gaddum (1933), who found the activity to 
increase in the expected order, i.e., activity ratios for the acetyl, propionyl, butyryl, 
valeryl esters of approximately 1:2.5:5:5. 

More striking increases should be observed in the series formed by replacing 
each hydrogen atom in the acetyl group, to yield the series acetyl-, propionyl-, iso- 
butyryl-, pivalyl- (trimethylacetyl-) cholines. All these have been studied (Hunt and 
Taveau, 1911 ; Simonart, 1932 ; Chang and Gaddum, 1933 ; Schweitzer, Weizmann, 
and Wright, 1938), but it is impossible to draw conclusions about their relative 
activities from the published results. 

Benzoylcholine would also be expected to show considerably less activity than 
phenacetylcholine, and this was found to be so by Hunt and Taveau (1911). 

Carbamylcholine, of all esters described, would appear to be anomalous, for the 
hypothesis would predict, in the absence of other determining factors, a low activity. 
Numerous observers have reported a high activity for this compound, the lowest 
estimates appearing to be those of Feldberg (1932) and Bender, Spirtes, and Sprinson 
(1943), who found the activity to be about one half that of acetylcholine. N-alkyl 
substitution would be expected to reduce the activity of carbamic esters, and this 
has been demonstrated to be so by Bender et al. (1943). 

There is thus considerable evidence from the literature in favour of the hypothesis 
proposed. Further evidence, from a quantitative study of the activity of some of 
the compounds already mentioned and others, prepared for the purpose, will now be 
considered. 

Part II 


Part I of this paper indicated the desirability of securing quantitative evidence 
for the nicotine-like stimulant activity of a number of ethers and esters of choline, 
and certain related compounds, the order of activity of which should be predictable 
on the basis of the hypothesis there proposed. 

Of choline derivatives showing this kind of activity, choline phenyl ether was 
apparently the most active, and it was decided to study, under standard experimental 
conditions, the effects of — 


(i) Modifications to the cationic head and the chain structure in this molecule. 
(ii) Nuclear substituents. 


For the studies in the first category the following compounds were made to illus- 
trate the effects of modifying the cationic head, of lengthening the chain, and of 
branching in the £ position. 


es 
< >» —O.CH,CH,N(C,Hs)3Br- 


8-phenoxyethyltriethylammonium bromide. 


€ _S—O.CH,CH,CH,N(CH,)sBr 


y-phenoxypropyltrimethylammonium bromide. 


rs 
¢ S—O CH.CH,N(CH;),Br- 


CH; 
phenyl ether of 8-methylcholine bromide. 
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The pharmacology of two of these compounds has been previously described (see 
Part I for references), and the phenyl ether of 8-methylcholine, although described by 
Hunt and Renshaw (1936), has not been tested pharmacologically. 

In the second category a number of nuclear substituted phenyl ethers of choline . 
had been studied by Hunt and his co-workers and all seemed to be less active than 
the unsubstituted compound, this diminution being, however, in accordance with the 
proposed hypothesis. It appeared, therefore, of considerable interest to ascertain 
whether an increase of activity could be obtained by suitable substitution in choline 
phenyl ethers. The choice of substituents likely to effect such a change is consider- 
able, but many of these are relatively complex polar entities and thus might introduce 
factors which would obscure the argument. For this reason it was decided to make 
a quantitative study, under standardized conditions, of a series of nuclear substituted 
choline phenyl ethers in which the substituents were either methyl or halogen, and 
the following compounds, some of which are new, were prepared for the purpose : 


R’ 
RS ‘Sy —O.CH,CH;N(CH,);Br- 


Choline phenyl ether bromide (R’ = R” — R’”’ ~~ H) 

Choline p-chlorophenyl ether bromide (R” -= Cl; R’ R’”’” = H) 
Choline m-chlorophenyl ether bromide (R’’” = Cl; R’ i = 
Choline m-bromopheny! ether bromide (R’” —— Br; R’ R” H) 
Choline 3: 5-dibromophenyl ether bromide (R’ — R’” = Br; R” ~~ H) 
Choline p-tolyl ether bromide (R’” —- CH;; R’ R’” = H) 

Choline m-tolyl ether bromide (R’”’ CH,; R’ =R” H) 


Choline 3: 5-Xylyl ether bromide (R’ = R’” = CH,;; R” ~~ H) 


The volumes occupied by the substituent groups in these molecules are approxi- 
mately equal, the van der Waals diameters being approximately 3.0 A. for the methyl 
group, and 2.9 A. and 3.15 A. for chlorine and bromine respectively. This would 
make it unlikely that changes in activity were due to purely dimensional differences in 
the molecules. 

If the hypothesis were tenable the phenyl, m-tolyl, 3 : S-xylyl, and p-tolyl ethers 
of choline would be expected to show decreasing activity in that order, since in 
choline m-tolyl ether the inductive effect of the methyl group would operate to 
diminish the electron displacement postulated for maximum activity. The 3:5- 
xylyl ether having two such groups would show a further reduction in activity, while 
in the p-tolyl ether the inductive effect would be reinforced by the (hyperconjugative) 
+ E effect and a large fall in activity would accordingly be expected. 

In choline m-chlorophenyl ether, choline m-bromopheny] ether, and choline 3 : 5- 
dibromopheny] ether the inductive effects of the halogen atoms would tend to increase 








124 *. Gay 


the electron displacement and, in consequence, increased activity would be expected. 
The activity of choline p-chlorophenyl ether would not be readily predictable since, 
in this, the —I effect is opposed by the +E effect ; it would, however, be expected to 
show greater activity than choline p-tolyl ether. 

In addition to the above ethers a series of choline esters were chosen for study 
under similar conditions. These were, for reasons already outlined in Part I, acetyl- 
choline, propionylcholine, isobutyrylcholine, pivalylcholine, benzoylcholine, phen- 
acetylcholine, and carbamylcholine. The acetic, benzoic, and carbamic esters were 
commercial samples (as chlorides) while the remainder were iodides synthesized in 
this laboratory. 

Nicotine, since it is the most familiar substance with this kind of action, was also 
included. 

The changes in activity to be expected in this series have already been made clear 
in Part I. 


METHODS 


Estimates of activity were made by comparing the pressor effects of the different 
compounds when given by intravenous injection to cats anaesthetized with chloralose and 
treated with at least | mg./kg. of atropine sulphate. Arterial pressures were recorded 
from a common carotid artery, and injections were made into the internal saphenous 
vein. Duplicate experiments were also done in animals in which the suprarenals were 
tied off in order to eliminate possible complications due to selective actions on these organs 
(Simonart, 1932). Although the use of spinal preparations would have been desirable, it 
was found that when the suprarenals were tied off the animals did not survive long 
enough to enable the necessary number of observations to be made. 

In order to exclude the possibility that peripheral actions contributed to the pressor 
response it was confirmed, for each drug, that the response to an effective dose was 
abolished by known ganglion-blocking agents. 

Choline phenyl ether was used throughout as the standard of comparison, since it was 
not only very active but also appeared to have negligible ganglion-blocking activity. In 
a few instances direct comparisons between other pairs of substances were made, and the 
results so obtained were fitted in by interpolation. 

. In making comparisons, suitable doses of two compounds were injected in random 
order so that, for each, points above and below a 60 mm. hypertension were obtained, 
this being about half the maximal response for animals under the conditions of the 
experiments. Choline p-tolyl ether proved to have a short-acting ganglion-blocking effect ; 
hence only single doses of this compound could be used for each comparison, thus lower- 
ing the precision of the estimate. 

For each set of observations, constituting one comparison of activity, the effect (mm. 
hypertension) was plotted against log.-dose (in micromolecules), and from the regression 
lines so obtained, which in ali instances appeared to be parallel, the ratio of molar 
activities was obtained. 


RESULTS 


The results of all these experiments are collected in Table I for the ethers and 
analogous compounds, and in Table II for the esters and nicotine. Results for 
animals with intact suprarenals and those in which these were ligated are given in 
separate sections. In each section the first column gives the mean doses in yg. 
molecules, and their standard errors, required to produce a 60 mm. hypertension in 
the cats (average weight 2.6 kg.) used in the experiments. In the second and third 
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columns these figures are converted into actual doses in pg. required to produce the 
same effect and the molar activity ratios compared with choline phenyl ether, which 
is given an arbitrary value of 100. The figures in the fourth column give the number 
of comparisons made for each compound ; except that for choline phenyl ether this 
figure indicaies the total number of regression lines drawn. 


Since these observations were completed we have had, through the courtesy of 
Mr. D. P. H. Tudor Williams, the opportunity of examining the compound 4-keto-amyl- 
trimethylammonium iodide. This compound is of especial interest since it represents the 
replacement of the “ether” oxygen of acetylcholine by a methylene group. Its molar 
activity, when determined under our standard conditions, is about one quarter that of 
choline phenyl ether bromide. 


a 


DISCUSSION 


The results of our experiments, together with those of previous workers, leave 
little doubt that the polarity of the “ether~’ oxygen atom of choline derivatives is 
an important factor in determining the nicotine-like stimulant actions of these com- 
pounds, and that reduction of the electron density is associated with increased 
activity. a 

This is most clearly seen when the activity of choline m-tolyl ether is compared 
with that of the m-chlorophenyl and m-bromopheny] ethers of choline. The last two 
compounds are respectively 16 and 30 times as active as the first and, since they 
are very nearly isosteric, it is almost certain that charge distribution rather than 
molecular shape and size is the determining factor. Relationships of the same order 
also exist between the p-tolyl and p-chlorophenyl ethers and the 3: 5-xylyl and 3: 5- 
dibromophenyl ethers. The observed activities in the range of choline esters are 
also substantially in agreement with those which would be predicted. 

Certain other factors not considered in the work here described are clearly of 
importance ; some of these are now being investigated. The most obvious of these 
is the part played by ortho-substitution in choline phenyl ethers. The simple 
hypothesis would predict activities for choline tolyl ethers meta>ortho or para, 
whereas Hunt and Renshaw (1936) showed that these were ortho>meta®> para. 
More recently Loewe, Goodman, and Puttuck (1950) have attributed selective actions 
on ganglia to certain ortho-substituted choline phenyl ethers. Carbamylcholine is 
also much more active than would be expected, although when N-alkyl substituents 
are introduced the activity falls (Bender et al., 1943) as would be expected. 

Thus, although the hypothesis put forward in this paper seems to have consider- 
able experimental justification it cannot pretend to give a complete picture of this 
aspect of structure-action relationships in choline derivatives. It is hoped, however, 
to extend these initial observations so that a more comprehensive knowledge of the 
subject may be obtained. 


CHEMICAL SECTION 
Analyses are by Drs. Weiler and Strauss. Melting and boiling points are uncorrected. 


With the exception of the phenyl ether of B-methylcholine, the required compounds 
were made by boiling an alcoholic solution of the appropriate sodium phenoxide (1 mol.) 
and the alkylene dibromide (3 mols.). The resulting aryloxyalkyl bromide was then 
condensed with anhydrous trimethylamine or triethylamine in acetone solution at room 
temperature, the product crystallizing out in an almost pure condition as it was formed. 
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TABLE Ill 
Analysis 
Compound — Cun \Sietes.! Sede 
a Characters ong on 
: % % %o 
4-chlorophenyl Oil; b.p. 140°/12 mm. | Found 41.4 3.7 48.3 
(nyo 1.5685 Calc. for C,H,OBrCl | 40.8 3.4 50.0 
3-chlorophenyl Oil; b.p. 94°/0.4 mm. Found 41.1 3.7 49.4 
(n)*0° 1.5584 Calc. for CgH,OBrCl | 40.8 3.4 50.0 
3-bromophenyl Oil; b.p. 145°/14 mm. Found 34.5 2.9 56.1 
(n)*o° 1.5911 Calc. for C,H,OBr, 34.3 af 57.1 
3 : 5-dibromophenyl | Solid; b.p. 134°/0.9 mm. | Found 26.9 2.1 67.1 
m.p. 43° (from petro- | Caic. for C,H,OBr, 26.8 2.0 66.8 
leum ether) 
3: 5-xylyl .. Oil; b.p. 99°/1.0 mm. | Found 53.5 6.3 34.6 
(n)%o° 1.5426 Cale. for CyoH,,OBr | 52.4 5.7 34.9 
TABLE IV 
Analysis 
Compound » 
R-O-CH CHAN(CH,),Br Characters | Car- |Hydro-| Nitro- | Halo- 
R bon gen gen gen 
y 4 3 y 4 4 
4-chlorophenyl Prisms from ethanol; | Found 45.2 6.1 4.9 38.9 
m.p. 172° Calc. for 
C,,H,,ONBrCl | 44.8 5.9 4.8 39.2 
3-chloropheny] Metastable needles | Found 44.8 ee 4.8 39.6 
from ethanol-ace- | Calc. for 
tone; m.p. 131° C,,H,,ONBrCl 44.8 5.8 4.8 39.2 
3-bromophenyl Prisms from acetone; | Found 38.9 5.1 4.3 47.5 
m.p. 141° Calc. for 
C,,H,,ONBr, 40.0 5.0 4.1 47.1 
3 : 5-dibromophenyl | Stout metastable | Found 30.9 4.2 3.6 55.6 
needles from| Calc. for 
ethanol - acetone; C,,HigONBr, 31.6 3.9 3.4 57.3 
m.p. 195.5° 
3: 5-xylyl Platelets from | Found 54.0 7.6 4.7 | 28.0 
ethanol; m.p. 218° | Calc. for | 
C,3;H2,ONBr 54.2 7.7 4.9 | 27.7 














Brief details of compounds made in this way are given in Tables III and IV. 


The phenyl ether of B-methylcholine had been previously synthesized by Goldfarb 
(1941) by a route which did not exclude the possibility of contamination with the extremely 
The following un- 
ambiguous synthesis was carried out, the route to 2-phenoxypropan-1-ol appearing to be 
simpler than that used by Sexton and Britton (1948). 


active isomeric a-methy] derivative (Hunt and Renshaw, 1936). 
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PhONa + CH,CHBr.COOCH, ———— PhO.CH.COOCH, 
l 
- CH, 


fr 


: 4 
LiAlH, 


"4 PBr, 
ont pene ———-— PhO.CH.CH,Br 
Ps 
CH, CH, 


(CH;),N 


x 
PhO.CH.CH,N(CH;),Br 


Ci, 

Methyl 2-phenoxypropionate.—Phenol (11.8 g.), d:ssolved in dry benzene (150 ml.), 
was heated, under reflux and with stirring, with sodium (2.9 g.) until the latter dissolved, 
forming a dense suspension of the phenoxide. Methyl 2-bromopropionate (21 g.) was 
added dropwise with continued heating and stirring during four hours, and the mixture 
boiled for a further two hours. The sodium bromide was removed by filtration and the 
filtrate distilled ; the required product was a colourless oil, b.p. 120°/14 mm. (n) 3° 
1.5040. Yield 19g. Found: C, 67.9; H, 7.1. C,,H,,O, requires C, 66.7 ; H, 6.7%. 

2-Phenoxypropan-i-ol.—Lithium aluminium hydride (2.5 g.)-dissolved in anhydrous 
ether (250 ml.), was treated dropwise with the above ester (17 g.), dissolved in dry ether 
(50 ml.), with stirring, so that gentle ebullition was maintained (45 min.). After stand- 
ing at room temperature overnight the reaction mixture was treated with dilute sulphuric 
acid to decompose the suspended complex. The ethereal layer yielded the required pro- 
duct as a colourless, somewhat viscous liquid, b.p. 120°/13 mm. (n)¥%° 1.5285. Yield 
14 g. Found: C, 71.7; H, 8.2. C,H,,O, requires C, 71.0; H, 8.0%. 

1-Bromo-2-phenoxypropane.—The above alcohol (12.8 g.) was cooled in ice and 
treated with phosphorus tribromide (7.6 g.) ; the mixture was then allowed to come to 
room temperature. After standing for 24 hr. it was heated to 100°, shaken with water 
and extracted with ether. Distillation gave the required product, b.p. 108°/12 mm. 
(n)%3° 1.5424. Yield 12 g. Found: C, 50.6; H, 5.6; Br, 37.5. C,H,,OBr requires C, 50.3 ; 
H, 5.2; Br, 37.2%. 

Phenyl ether of B-methylcholine bromide.—\-Bromo-2-phenoxypropane (11 g.) and 
trimethylamine (5 g.) in acetone (5 ml.) gave (15 days) 10 g. of required product. 
Recrystallization from alcohol, acetone, ethyl acetate, and ethyl cellosolve gave products of 
indefinite melting point, probably owing to inclusion of solvent. Removal of solvent by 
heating in vacuo gave a product melting sharply at 166°. Found: C, 52.0; H, 7.3; 
N, 4.9; Br, 28.1. C,,H,,ONBr requires C, 52.5; H, 7.3; N, 5.1; Br, 29.1%. 

8-Phenoxyethyltriethylammonium bromide, y-phenoxytrimethylammonium bromide, 
and the other choline phenyl ethers were made by methods already described in the 
literature. The choline esters used were made by esterifying ethylene iodohydrin with the 
appropriate acid chloride, and condensing the B-iodoethyl ester with anhydrous trimethyl- 
amine in acetone solution. 

SUMMARY 

1. A hypothesis is proposed relating certain aspects of chemical structure to 
nicotine-like stimulant actions in choline derivatives. This states that increased 
activity is associated with a reduction of the electron density of the “ ether ” oxygen 
atom of choline ethers and esters. 
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2. The hypothesis is supported by much evidence from the literature, which is 
briefly reviewed. 


3. Further supporting evidence is afforded by a quantitative pharmacological 
study of twenty-one compounds, several of which are new. Three of these (the 
m-chlorophenyl, m-bromophenyl and 3 : 5-dibromophenyl ethers of choline) have 
two or three times the molar activity of choline phenyl ether, the most powerful 
nicotine-like stimulant drug hitherto described which, in turn, has about twice the 
molar activity of nicotine. 


My thanks are due to Professor W. A. Bain for many helpful suggestions ; to Miss 
B. G. Brown for occasional assistance with activity estimations ; and to the Medical 
Research Council for an expenses grant which covered part of the cost of the work. 
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PHARMACOLOGICAL EFFECTS OF SOME 
DERIVATIVES OF FURAN AND CHOLINE, WITH 
SPECIAL REFERENCE TO ACTION ON THE 
BLADDER AND TO TOXICITY 


BY 
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In their contribution on the structure-action relationships of members of the 
choline group, Ing, Kordik, and Tudor Williams (1952) give figures for the potency 
of their compounds on a number of pharmacological preparations. The muscarinic 
actions studied were those on the cat’s blood pressure, the isolated guinea-pig ileum, 
rabbit auricles, and the isolated perfused frog heart. In confirmation of Fellows and 
Livingston (1940), a high order of muscarine activity was found in furfuryltrimethyl- 
ammonium iodide (Formula 1), a compound that has already found some clinical 
application under the name of “ Furmethide ” (Beaser, Lipton, and Altschule, 1943 ; 
Owens and Woods, 1946 ; Lawson, 1948 ; Goldberger, Landesman, and Burke, 1949 ; 
Weinstein, 1949 ; and others). The high muscarinic potency of furmethide is shown 
by Ing and his co-workers to be excelled, tenfold or more, by that of its 5-methyl 
analogue, 5-methylfurfuryltrimethylammonium iodide (Formula II), which proved 
to be as active as, or more active than, acetylcholine on some of the preparations 
tested. 

Since furmethide has achieved some clinical utility, and since the pharmaco- 
logical properties which underlie this usefulness are so much stronger in its 5-methyl 
analogue than in furmethide itself, the question might well be asked whether the 
methyl analogue is not a substance of high therapeutic potentialities. This cannot, 
of course, be finally answered by pharmacological as distinct from therapeutic obser- 
vations, and especially not when the observations are made on laboratory animals 
rather than in man, but it is clearly desirable that any artticipation of therapeutic 
usefulness should be supported by further pharmacological experiments in laboratory 
animals. Special attention has therefore been directed towards two aspects of par- 
ticular significance for the clinical application of substances of this type, namely, 
activfty on the urinary bladder and acute toxicity. Another aspect, that of activity 
.on the pupil of the eye, has been investigated by Grewal (1951), who has shown the 
miotic power of the methyl derivative when injected intraperitoneally in mice to be 
more than tén times that of furmethide, and more than twice that of carbachol. 

While attention is focused, in the-present contribution, on the power of selected 
compounds to cause contraction of the urinary bladder and on their acute toxicity, 
several experiments involving an examination of other pharmacological properties 














FURAN AND CHOLINE DERIVATIVES ON BLADDER 131 


are also described. These are, however, introduced only as corollaries to, or in 
order to throw light on, features brought out in the main experiments on the bladder 
or on toxic action. 

The substances investigated, in addition to acetylcholine, were the following : 


(a) Furfuryltrimethylammonium iodide, which we shall continue to designate here 
as “ Furmethide,” the name under which it is marketed by Messrs. Smith, Kline, and 
French. Its A.M.A. name is furtrethonium. 


(b) The 5-methyl derivative of furmethide (S-methylfurfuryltrimethylammonium 
iodide), which, for convenience, will here be designated as “ Methyl-furmethide.” 
The specimens of (a) and (b) used in this work were prepared by Dr. H. R. Ing and 
Mr. D. P. H. Tudor Williams. 


(c) The formal of 2:3-dihydroxypropyltrimethylammonium iodide, known as 
“2249F ” (Fourneau, Bovet, Bovet, and Montezin, 1944), and used clinically in 
France under the name of “ Dilvasene ” (for reference to clinical use, see Verbeke 
and De Vleeschouwer, 1950). 


(d) The acetal corresponding to (c), known as “ 2268F ” (Fourneau et al., 1944). 
The chemical relationship of 2249F and 2268F to furmethide and methyl-furmethide 
may be seen by comparing Formulae III and IV with I and II. They were kindly 
made available by Dr. A. J. Ewins, of Messrs. May and Baker. 


(e) Carbamylcholine (carbachol). 


L | 


| | 


a . | + . 
CH 
(I) y (II) 
O—CH, O—CH, 
| | [ _ | | + a 
CH, CH.CH,NMe,}I CH CH.CH,NMe,}I 
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O ch, Oo” 
* (I (IV) 


Compounds 2249F and 2268F (c and d above) were included in this study 
because of their structural analogies to furmethide and methyl-furmethide, respec- 
tively, which Ing et al. (1952) have correlated with features of pharmacological 
activity ; in conformity with Ing’s “ 5-atom rule” (Ing, 1949), the muscarinic pro- 
perties of both furmethide and 2249F are notably less than those of methyl- 
furmethide and 2268F. Carbachol was included in the study as a representative 
parasympathomimetic choline derivative already established in therapeutic practice. 


ACTIVITY ON THE URINARY BLADDER 
Isolated guinea-pig bladders.—The isolated guinea-pig bladder preparation was set up 
in the following way. A guinea-pig of either sex was used, and the bladder removed after 
ligation of the ureters. A glass cannula was then tied in at the urethral opening. The 
cannula consisted of a piece of glass tubing 10 mm. in diameter and about 20 cm. long, 
narrowed at one end to a diameter of about 3 mm. and slightly flanged to enable it to 
be inserted into the bladder and firmly held there by the cotton thread ligature. The 
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cannula was then clamped in an upright position so as to suspend the bladder in an organ 
bath of about 30 ml. capacity, containing Locke solution at 37° C. Saline or Locke 
solution (5 to 8 ml., depending on the size of the bladder) was then introduced into the 
cannula, somewhat distending the bladder, the excess solution remaining as a pressure- 
column of several inches in the upright cannula. The top end of the cannula was then 
connected by rubber tubing to a piston-recorder, from which tracings were obtained 
of the contractions produced by substances introduced into the surrounding Locke 
solution in the organ bath. 


Figs. | and 2 show the results obtained in two typical and consecutive experi- 
ments, in each of which all the five substances listed above were tested and compared 
with one another and with acetylcholine. These two experiments differ from one 
another only in the sequence in which the drugs were tested. It is necessary to vary 
this sequence in such experiments in order to eliminate the possibility that exposure 
of the bladder to any one compound might seriously alter its sensitivity, and so give 
an erroneous impression of the relative activity of two substances under comparison. 
If, however, the two substances retain the same apparent ratio of activity when 
tested in other preparations in the reverse sequence, the ratio may confidently be 
accepted as valid. The two Figures, studied in relation to one another, show that this 
possible complication of changing sensitivity of the bladder did not seriously arise, 
and the following conclusions are to be drawn: 


(1) The preparation discriminates well and consistently between different con- 
centrations of acetylcholine. 


(2) The response to acetylcholine reaches its maximum almost immediately and 
then usually tends to diminish. To each of the other compounds there may also be 
a smart initial response, but the maximum effect may not be reached for even as 
long as 5 min. and shows no tendency to diminish. 


(3) If dose-response curves were drawn, those fo. the three more active sub- 
stances, methyl-furmethide, 2268F, and carbachol, would evidently be steeper than 
the curve for acetylcholine. 


(4) Because of these differences in the type of response, both qualitative (2 above) 
and in regard to the slope of the dose-response curve (3 above), unexceptionable 
acetylcholine equivalents of the substances tested cannot be derived. However, the 
following approximations (equivalents by weight) are probably permissible : 


2268F sh ~ ne ss 0.25-0.5 
Methyl-furmethide ‘a iu va 0.5 -1.0 
Carbachol ‘a a wd - 1.0 
Acetylcholine * - a - 1.0 
Furmethide + i a 5 5.0—-10.0 
2249F i *% = a ..  20.0-40.0 


Cat bladders in situ.—In repeated trials, methyl-furmethide consistently proved 
to be more active than carbachol on the isolated bladder, and experiments were 
therefore performed to see whether this superiority could be demonstrated on the 
bladder in situ after intravenous injection. Fig. 3 shows the results of two such 
experiments in cats under chloralose anaesthesia, in which the bladder was exposed, 
the ureters and urethra ligated, and the cannula tied into an incision at the fundus 
of the bladder. The bladder and cannula were filled with saline to a height of 
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FiG. 1.—Guinea-pig bladder in Locke solution at 37° C. 30 ml. bath. Continuous tracing of 
a single experiment, each break in the figure representing about 5 min. Ach=acetylcholine. 
Carb carbachol. M-= methyl-furmethide. [F-—furmethide. 2249— Fourneau’s 2249. 2268 
Fourneau’s 2268. 





Fic. 2.—Experiment similar to that of Fig. 1 above, but compounds tested in a different sequence. 
Dotted lines in sections v and vi indicate extent of response 60 sec. after introducing drug. 
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about five inches, and tracings obtained by means of a piston-recorder, as in the 
observations on the isolated organ. It may be seen from Fig. 3 that methyl- 
furmethide caused appreciably greater effects than carbachol, irrespective of the 
sequence in which they were tested. 





FiG. 3.—Cats, chloralose. Bladder contractions and carotid blood pressures. Breaks represent 
intervals of 5 to 10 min. Ach.- acetylcholine. Carb.= carbachol. Mf.=methyl-furmethide. 


Action on the gut——The fact, shown by Figs. | and 2, that the response of the 
bladder to acetylcholine reaches its maximum immediately and then usually tends 
to diminish, while the response to other compounds proceeds more slowly and 
shows no tendency to diminish, is no doubt related to the immunity of these other 
compounds to the hydrolytic action of cholinesterase. This stability in the presence 
of cholinesterase has also been held by Ing et al. (1952) to account for the steeper 
dose-response curves of some of their compounds in comparison with that of acetyl- 
choline, as observed in the pharmacological preparations which they used. Equally 
it must account for the steeper dose-response curves for bladder activity, evident 
from inspection of Figs. | and 2. Ing and his colleagues have given point to this 
feature by quoting the decrease in activity compared with acetylcholine of some of 
their substances when the comparisons were made on rabbit auricles in the presence 
of eserine, and, in experiments for co-operation in which I am obliged to Dr. J. L. 
Guimaraes, similar and further observations of this type have been made on isolated 
rabbit auricles and on the isolated guinea-pig ileum in respect of methyl-furmethide. 
Our salient findings on both these tissues were (a) that when the two compounds were 
tested in the absence of eserine the dose-response curve for methyl-furmethide was 
steeper than that for acetylcholine, and (b) that in the presence of eserine the dose- 
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response curve for methyl-furmethide was practically the same as in its absence, 
while that for acetylcholine was not only shifted to the left (i.e. towards the abscissae 
for lower concentrations) but it also acquired the steeper inclination characteristic 
of methyl-furmethide (and of carbachol). 

The failure of eserine to potentiate the effects of methyl-furmethide was also 
unmistakably demonstrated in a cat under chloralose in which observations were 
made on the blood pressure and on intestinal movements recorded by means of a 
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Fic. 4.—Cat, chloralose. Duodenal movements and blood pressure. 30-sec. time-intervals. 
Between A and B, and between B and C, 20 min. Other breaks represent 6 to 8 min. 
Ach.= acetylcholine. Mf.= methyl-furmethide. Eser.=eserine. 


water-filled balloon tied into the duodenum and leading to a_piston-recorder. 
The results are illustrated in Fig. 4, from which several conclusions may be drawn in 
support of those derived from the tests on isolated organs. The Figure shows the 
following : 

(1) Before injecting eserine (Section A of the tracing) the responses were, in general, 
about the same to methyl-furmethide as to acetylcholine. The tracing for duodenal move- 
ments in this section again illustrates, however, the difficulty of measuring the potency 
of a substance of the type of methyl-furmethide in terms of acetylcholine equivalents, 
since, as had been observed on the isolated organ preparations, the dose-response curve 
would evidently be steeper for methyl-furmethide than for acetylcholine. Thus, at a 
dose of 10 wg. the effect of methyl-furmethide was slightly less than that of acetylcholine, 
but when the dose was raised to 25 »g. the increased response to methyl-furmethide was 
so much greater than that to acetylcholine that the relationship was reversed and the 
acetylcholine effect became slightly the smaller of the two. There seemed also to be a 
tendency for the response to 25 wg. to persist rather longer after methyl-furmethide than 
after acetylcholine. Incidentally, another feature of this section of the tracing is the 
slight pressor effect observed immediately after the blood pressure had returned to its 
original level following a dose of methyl-furmethide ; this may perhaps be related to that 
compound’s slight nicotine-activity, to which Ing et al. (1952) have drawn attention. 
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(2) Failure of eserine to potentiate methyl-furmethide, while considerably potentiating 
acetylcholine, is evident from the tracings for both the blood pressure and duodenal move- 
ments. The effect of eserine was such that responses to 2 or 5 »g. acetylcholine (Section 
B of the tracing) became greater than those that had been produced by 25 vg. before 
eserine (Section A). Methyl-furmethide, on the other hand, caused a negligible effect on 
the duodenum when injected in a dose of 5 »g. after eserine (Section B), and 25 sg. 
(Section C) did not produce any greater effect on either the blood pressure or the 
duodenum than it had done before the eserine (Section A). 


ACUTE TOXICITY 
Mice.—All the substances under investigation, except acetylcholine, were tested 
for acute toxicity in mice, by subcutaneous injection in 0.4 ml. aqueous solution. 
When deaths occurred they usually did so within half an hour (more commonly 
within 15 min.) of the injection, and only rarely during the next few hours. Survivors 
were completely normal by the following day. Each dose of each substance was given 
to 20 mice, and Table I shows the results in terms of mortality percentages and 


TABLE I 
ACUTE TOXICIFY OF CHOLINE DERIVATIVES FOR MICE, TREATED BY SUBCUTANEOUS INJECTION 
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Mortality per cent (each figure based on 20 mice) 
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10.0 —_ — | 0 ii wat 

5.0 100 95 | _ — — 

2.5 70 30 | - - _ 

1.25 40 10 _ | | — 
LDSO 16 | 28 | 33.0 | 34.6 | >40.0 








estimated median lethal doses (LDS0). The LD50O could not be ascertained within 
close limits of error, from observations on so few mice. It was estimated for each 
drug by integrating the results (Behrens, 1929) and selecting the two log dose- 
percentage response values which lay closest to, and one on each side of, the 
median ; the probits of the two selected percentages were then plotted as ordinates 
to their corresponding log doses, joined by a straight line, and the LDSO derived from 
the point corresponding to probit 5 (Gaddum, 1933 ; Bliss, 1934). 

The Table shows that 2268F is about twice as toxic to mice as carbachol, and 
that both these substances are considerably more toxic than any of the others. 
Perhaps the most striking point emerging is that the toxicity of methyl-furmethide 
is only about one-tenth that of carbachol. 


Rats, guinea-pigs, and rabbits.—Tests for acute toxicity in animals other than 
mice were limited to a comparison between carbachol and methyl-furmethide, in 
order to determine whether the much lower toxicity of the latter substance, observed 
in mice, could be observed also in other species. With compounds of this type it 
is probably a safe assumption that destruction and elimination are complete in less 
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than 24 or 48 hours after treatment. Where great precision in the results of acute 
toxicity tests is not required, considerable economy may therefore be effected by 
using a relatively small number of animals and treating them at intervals of 48 
hours, starting with a small dose and increasing the size of dose on each occasion 
until the approximate LDSO is indicated by the point where the cumulative total 
killed amounts to half the original number of animals. Tests were performed in 
this way in rats, guinea-pigs, and rabbits. The compounds were administered intra- 
peritoneally, and the deaths that occurred did so within a few hours (usually within 
an hour) of the injection, with the well-known symptoms of acute parasympathetic 
poisoning. Table II and Fig. 5 show the results of these tests. The LDS5O values 


TABLE Il 


ACUTE TOXICITY OF CARBACHOL AND METHYL-FURMETHIDE FOR VARIOUS ANIMAL SPECIES, 
TREATED BY INTRAPERITONEAL INJECTION EVERY ALTERNATE DAY, THE DOSE BEING QDOUBLED 
ON EACH OCCASION. SHOWING NUMBER DEAD AFTER EACH DOSE (INTEGRATED TOTALS) 
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Fic. 5.—Acute toxicity of carbachol 
and of methyl-furmethide in 
guinea-pigs. 





Days since start 0 Z 4 6 8 10 12 14 
Dose (mg./kg.) 0.062 0.125 0.25 0.5 1.0 2.0 4.0 8.0 


recorded cannot, of course, claim to be more than rough approximations, but they 
suffice to show unmistakably that, while there are considerable differences in 
species-sensitivity (guinea-pigs being much more sensitive than rats or rabbits to 
both compounds), the lower acute toxicity of methyl-furmethide, about one-tenth 











138 E. M. LOURIE 


that of carbachol in mice, extends in about the same measure to rats, guinea-pigs, 
and rabbits. 

Broncho-constriction in guinea-pigs.—It is curious that methyl-furmethide should 
be more potent than carbachol on the bladder and, according to Grewal (1951), on 
the pupil, and yet be so much less toxic than carbachol. In order to throw more 
light on this apparent paradox, the two compounds were tested on a system which, 
unlike the urinary bladder or the pupil of the eye, probably plays an essential réle 
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FiG. 6.—Guinea-pig. Urethane anaesthesia. Broncho-constrictor effects. 60-sec. time-intervals. 
Breaks represent intervals of 4 to 6 min. Ach.= acetylcholine. Carb.— carbachol. Mf.- 
methyl-furmethide. 
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FiG. 7.—Guinea-pig. Urethane anaesthesia. Broncho-constrictor effects. 60-sec. time-intervals. 
Breaks represent intervals of 10, 30, 20, 30, 20, and 30 min. Ach.=acetylcholine. Mf.= 
methyl-furmethide. Carb.= carbachol. 
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in the mechanism which actually kills when the dose is a lethal one; this is the 
bronchial tree, and accordingly the capacities of carbachol and methyl-furmethide to 
cause broncho-constriction on intravenous injection were compared by the tech- 
nique of Konsett and Réssler (1940). Figs. 6 and 7 show the results of two con- 
secutive experiments, in one of which (Fig. 6) carbachol was tested before methyl- 
furmethide at each dose level, and in the other (Fig. 7) the sequence was reversed. 
Studied in relation to one another, the Figures show that in this preparation, as on 
the isolated bladders, comparison between the effects produced by the two substances 
is not vitiated by any change in the sensitivity of the preparation produced by the 
substance initially tested. In both experiments the response was no greater to 
carbachol than to methyl-furmethide when the dose was less than 5 pg. Indeed, at 
2 vg. in the experiment of Fig. 6 methyl-furmethide produced a slightly greater effect 
than carbachol. When, however, the dose exceeded 5 pg., carbachol caused a much 
more protracted effect than methyl-furmethide. It is therefore reasonable to associate 
the higher acute toxicity of carbachol with the fact that in high doses it has a greater 
effect than methyl-furmethide on the bronchiolar system. 


DISCUSSION 


This investigation was approached from the point of view that one question 
arising from the work of Ing et al. (1952) was whether methyl-furmethide might not 
be a potentially useful therapeutic substance, and that any expectations of such 
usefulness should be supported by further pharmacological observations. Two pro- 
perties of special significance for the clinical application of compounds of this type 
were therefore selected for detailed study. These were activity on the bladder 
and acute toxicity, and in both properties methyl-furmethide appears to be superior 
to carbachol. It was more active than carbachol on the bladder, both of the guinea- 
pig in the organ bath and of the cat in situ, and it was only about one-tenth as toxic 
as carbachol to mice, rats, guinea-pigs, and rabbits. 

Methyl-furmethide was, however, not the most active of the compounds tested 
on the bladder. Thesmost active was 2268F, but its high activity on this organ is 
offset, from the point of view of therapeutic potentialities, by a correspondingly high 
degree of acute toxicity, which is about twenty times that of methyl-furmethide. 
The parent substance, furmethide, which has already achieved some clinical repute, 
exhibited only one-tenth of the activity of its methyl derivative on the bladder, but 
it has the advantage over the methyl substance of being only about half as toxic 
(killing 30 per cent of mice at a dose of 40 mg./kg., compared with 25 per cent 
killed by methyl-furmethide at a dose of 20 mg./kg.). Balancing the tenfold 
superiority of methyl-furmethide in respect of activity on the bladder against the two- 
fold superiority of furmethide in respect of toxicity, the methyl derivative may there- 
fore be rated, crudely, as having a fivefold advantage over the parent substance. 


The facts that methyl-furmethide is, on the one hand, more active than carbachol 
on the bladder and on the pupil (Grewal, 1951), and, on the other hand, less acutely 
toxic, might be ascribed on a superficial view to differences between the relative 
activity of the two compounds on different tissues ; and this seems to be borne out 
by the experiments which showed that carbachol had a greater effect than methyl- 
furmethide on the bronchioles in spite of its lower activity on the b!adder and the 
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pupil. The observations on broncho-constriction were, however, not strictly com- 
parable with those on the bladder and with Grewal’s observations on the mouse 
pupil. The greater effect of carbachol than of methyl-furmethide on the bronchioles 
was Observed only in relatively high doses and was manifested by a prolongation 
of the response rather than by a greater intensity of the effect when it had reached 
its maximum (see Figs. 6 and 7). If experimental procedures on the bladder or 
other organs had been devised to take into account the duration of effect at high 
doses rather than the degree of the immediate response at relatively low doses, 
they might well have given results similar to those obtained on the bronchioles, 
especially if the experiments had been done in the whole animal rather than in an 
organ bath. The much shorter duration of the broncho-constrictor effect of methyl- 
furmethide than of carbachol suggests that the body is able to break down or 
eliminate methyl-furmethide much more readily than carbachol. It may be signi- 
ficant in this connexion that, as Ing et al. (1952) have mentioned, the methyl group 
in the furan ring would tend to reduce its stability. They raise this as one of the more 
unlikely explanations of the high activity of methyl-furmethide ; it is perhaps at least 
as feasible that the tendency to instability of the ring, instead of accounting for 
this compound’s high activity, may be responsible for curtailing its full effect. The 
characteristic cause of death with all the compounds of this type is asphyxia, and 
the shorter duration of the broncho-constrictor effect after methyl-furmethide than 
after carbachol is probably quite sufficient to account for the fact that it is the less 
toxic compound of the two. 

This investigation does not lose sight of the fact that final judgment on the 
clinical value of any substance must obviously and necessarily depend on tests 
on man and not on laboratory animals. Expectation of useful results with methyl- 
furmethide in man is, however, supported by the variety of animal species (mice, 
rats, guinea-pigs, cats, and rabbits) in which it has proved to be superior to 
carbachol in respect of the few properties that have been selected for investigation 
because of their importance for the clinical application of substances of this type. 


SUMMARY 


Other workers have shown that furfuryltrimethylammonium iodide (“ Fur- 
methide ”’) is a substance of high muscarinic potency, while its 5-methyl derivative 
(designated here, for convenience, as “ Methyl-furmethide ”) is even more active in 
this respect. 


The present communication is a record of studies on both these compounds, 
together with other choline derivatives, on a number of pharmacological prepar- 
ations. The high muscarinic activity of methyl-furmethide suggested that it might 
have useful therapeutic potentialities, and special attention was therefore directed 
to a comparison of this compound with the others of the present series in respect of 
features that are important for the clinical application of substances of this type, 
namely, activity on the urinary bladder and acute toxicity. 

Methyl-furmethide proved to be more active than carbachol on the bladder, both 


in the organ bath and after intravenous injection, and much less toxic than carbachol 
to mice, rats, guinea-pigs, and rabbits. Its lower toxicity is probably related to 
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the fact that in high doses it causes a less protracted broncho-constrictor effect than 
that caused by carbachol. 


I am greatly obliged to Professor J. H. Burn and Dr. H. R. Ing for helpful discussions 
during the course of this work, which was supported by a grant from the Medical 


Research Council. 
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The ability of certain urethanes (carbamates) to cause nuclear changes in dividing 
cells and inhibitory effects on the growth of some experimental tumours is well 
known. There is little knowledge of the mechanism whereby these effects are 
brought about. In view of the possibility that the active agent may be some break- 
down product, studies of the metabolism and distribution of ethyl carbamate have 
been made in man, rat, and mouse ; in man and the rat by direct estimation in the 
body fluids and tissues (Boyland and Rhoden, 1949; Archer, Chapman, Rhoden, 
and Warren, 1948) and in the mouse by means of ethyl carbamate labelled in the 
carbonyl and methylene groups with radioactive carbon (Bryan, Skipper, and White, 
1949 ; Skipper, Benneti, Bryan, White, Newton, and Simpson, 1951). The simple 
conclusions have emerged that ethyl carbamate is rapidly absorbed from the aliment- 
ary tract and distributes itself uniformly throughout the body fluids and tissues. It 
is rapidly broken down into carbon dioxide and ammonia (over 90 per cent in 24 
hr.) without any evidence of selective localization in normal or tumour tissue. 

No metabolic studies of aryl urethanes appear to have been carried out pre- 
viously ; in the present work p-iodophenyl urethane was chosen as starting material 
because of the opportunity of introducing radio-iodine. The results obtained so far 
are interesting in that they provide a remarkable example of selective localization of 
organic material. 

EXPERIMENTAL 

(a) Preparative-—In earlier experiments labelled N-p-iodophenyl ethyl carbamate 
(p-iodophenyl urethane) was prepared from iodoaniline containing radioactive iodine by 
a process similar to that previously described by Basterfield, Woods, and Wright (1926). 
A method has been developed for the direct iodination of phenyl urethane based on the 
procedure described by Jurd (1949) for the iodination of acetanilide. 

Preparation of iodine containing radioactive iodine.—A solution containing I'*! 
(20-30 mc.) as iodide was added to a solution of KI (3.3 g.) in water (10 ml.). Dilute 
H,SO, (10 ml. of a 10 per cent solution) was added slowly, followed by H,O, (35 ml. of 
a 10 per cent so!ution). The flask was cooled in ice and after standing for at least 0.5 hr. 
the precipitated active iodine was filtered off at the pump, washed with water, and dried 
in vacuo over P,O. for 5 hr. at room temperature. The subsequent iodination process 
was found to proceed much more slowly if the iodine was not thoroughly dried. 

N-phenyl ethyl carbamate.—Aniline (45 ml.) in dry ether (100 ml.) was treated with 
ethyl chloroformate (26 ml.) in dry ether (50 ml.), added dropwise, with shaking and 
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cooling in ice. The precipitate of aniline hydrochloride was removed by filtration. 
Evaporation of the filtrate furnished an oil which solidified on coo!ing and was recrystal- 
lized from ethanol-water. Yield 29 g. (73%); m.p. 51° C. 


Radio-iodination of N-phenyl ethyl carbamate.—N-phenyl ethyl carbamate (1.65 g.) 
was dissolved in dry ethanol (20 ml.) and HgO (1.6 g.) added. The mixture was con- 
tained in a round-bottomed flask provided with a stirrer. Iodine (2.5 g.) containing the 
radioactive element (see above) was added during the course of 10 min. after which 
vigorous stirring was continued for | hr. with cooling in ice-water. The mixture was left 
overnight at room temperature and then filtered. The residual mercuric iodide and oxide 
was washed with a little boiling ethanol and the combined filtrate and washings poured 
into water (100 ml.) containing a few drops of 10 per cent Na,S,O, solution. The pre- 
cipitated iodo-compound was filtered at the pump and washed with thiosulphate solution 
and water. Two recrystallizations from ethanol-water gave the pure product as fine 
colourless needles, m.p. 114-115° C. Yield 2.4 g. (80%). 


Preparation of radioactive p-iodoaniline—The following method is based on that 
described by Brewster (1931) and gives superior results for a small-scale preparation. Dry, 
active iodine (approx. 2.5 g.) was dissolved in dry ethanol (10 ml.) and aniline (0.9 ml. 
A.R.) in ethanol (5 ml.) added. After standing for 0.5 hr. or more the mixture was poured 
into NaHCO, solution (100 ml. of 1.5 per cent), stirred well, and allowed to stand a 
further 0.5 hr. The dark precipitate containing iodoaniline was separated at the pump, 
washed with thiosulphate solution and water, and air-dried overnight. This solid was then 
extracted repeatedly with light petroleum (b.p. 40—-60°) from which the product crystal- 
lized in colourless needles, m.p. 62—63° C. Yield 1.2 g. (55%). 


(b) Animal techniques.—The distribution of radioactivity after administration of 
labelled N-p-iodophenyl ethyl carbamate and p-iodoaniline was studied in rats. Both 
substances were administered, either intraperitoneally or orally, to animals lightly anaes- 
thetized with ether. The drugs were dissolved in olive oil, the dose volume being usually 
4 ml. per kg. body weight, although alterations of this volume to 2 or 6 ml. did not 
appear to affect the results. Rats of a Wistar strain were used, in groups of five of the 
same age (100-150 g. weight). In each experiment zero hour was taken as the time of 
administration of the drug and all subsequent estimations of radioactivity were corrected 
for decay to this time. The specific activity of the drug at zero time was also estimated, 
so that, assuming the number of counts in a tissue to be proportional to the number of 
molecules of the drug present, its concentration could be determined. Animais were 
killed with ether, the thorax opened immediately, and the animals exsanguinated via the 
right auricle. Various organ specimens were then removed for assessment of radio- 
activity. After intraperitoneal injections the viscera were contaminated by the drug so 
that only blood, brain, and muscle were examined in these experiments. Care was taken 
to avoid cross contamination while dissecting the tissues ; instruments were washed after 
removal of each piece of tissue and again after each carcass had been discarded. 


(c) Preparation of samples for estimation of radioactivity —Blood.—After collection 
the blood was citrated, 0.5 ml. diluted to 10 ml., and counted directly. The remainder of 
the blood was centrifuged. Aliquots of plasma were taken from each rat in the group, 
mixed, and | ml. of the combined plasma diluted to 10 ml. for counting. By centrifuging 
each blood sample separately haemolysis was considerably reduced. 


Tissues.—Weighed samp!es were digested by the technique recommended by Howarth 
(1949), 2-3 ml. of LiOH suspension (10 per cent in 20 per cent ethanol) being used. We 
also added KI to 1 per cent; this iodide prevented losses of radioactivity which other- 
wise unexpectedly occurred. A similar loss has been mentioned by Free, Page, and 
Woollett (1951). It was convenient to leave the tissues overnight in this solution, by 
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which time digestion was advanced and completed with a few minutes’ boiling. The 
contents of the tubes were again made up to 10 ml. for counting. 

Urine.—The radioactivity in a suitable sample of combined urine and washings was 
first estimated . Ethanol (1 ml.) was then added to 10 ml. of this sample together with 
silver phosphate (ca. 100 mg.) and shaken for 2-3 min.; this procedure effectively 
removed any inorganic iodide. After filtration the radioactivity remaining was assessed 
and represented organically bound iodine. 


RESULTS AND DISCUSSION 


p-lodophenyl! urethane, like phenyl urethane, possesses hypnotic or anaesthetic 
properties according to dose. Both substances are readily and almost completely 
absorbed from the alimentary tract or peritoneal cavity from olive oil solution. 
Their toxicities, however, are very different, which may be related in part to solu- 
bility, for the iodo-compound is much less soluble as the following figures show : 


lodophenyl urethane at 20° C.. . sae Plasma, 1.7 mg./ml. 
Water, 0.085 mg./ml. 
Phenyl urethane at 20° C. ih sa Plasma, 2.19 mg./ml. 


Water, 0.62 mg./mil. 


The onset of depression of the central nervous system is more rapid with phenyl 
urethane and less prolonged. In addition, it is associated with marked vasodilatation 
of the skin vessels ; the ears and tails become very pink. The iodophenyl urethane 
(in doses of 500 mg./kg. in oil, by the intraperitoneal route) produces light anaes- 
thesia without capillary dilatation, associated with marked methaemoglobinaemia— 
an effect which is not observed with phenyl urethane. The appearance of these 
animals is similar to that observed after iodoaniline (see below). It will be seen 
from Table I that phenyl urethane is much more lethal than the substituted com- 
pound ; deaths with the former substance all occur within 24 hr., whereas the iodo- 
compound is lethal only after this time. As judged by the distribution of radioactivity 

















TABLE | 
} P . 
Bees | Dose (mg./kg.) as as —— ie 
| 

Phenyl urethane . | 250 0 0 
350 0 0 
500 60 60 
| 600 100 100 
| 750 100 100 
-lodophenyl urethane - ie 500 0 0 
. 4 750 0 20 
| 1,000 0 60 
| 1,250 0 80 
p-lodoaniline .. ie os = 250 0 0 
375 0 0 
500 0 60 
600 40 100 
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after oral administration, iodopheny! urethane (Fig. 1) undergoes a rapid metabolic 
transformation during the first 24 hr.; it js thus similar to ethyl carbamate except that 
60 per cent of the radioactive material is excreted by the kidney during this time, 
whereas only a small percentage of ethyl carbamate escapes in this way (Boyland and 
Rhoden, 1949). Unlike ethyl carbamate, which is said to be uniformly distributed 
among tissues, iodophenyl] urethane shows interesting tissue affinities. Thisisapparent 


2000; 


Fic. 1.—The tissue distribution of radioactivity after administra- 
tion of p-iodopheny] urethane (320 mg./kg.; 12 counts/ug./min.) 
in Olive oil solution. Dose volume 4 ml./kg. by mouth. Each 
point is the mean value from a group of five rats. 
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HOURS AFTER ADMINISTRATION 


during the rapid metabolic phase referred to above and in its subsequent fate (Figs. 
1-5 inclusive). It seerns likely that the selective concentration exhibited during the 
24 hr. phase is due to iodopheny! urethane itself. Of the major tissues kidney shows 
the highest transient radioactivity. Most of the radioactivity found in the urine is 
in organic combination, although some dehalogenation occurs (10 per cent of the 
ingested dose). In the main body tissues, the concentration ratios compared with 
plasma at the experimental peak of 4 hr. (oral dose, 320 mg./kg., Figs. 1 and 2) 
are as follows: Kidney 18, liver 10, spleen 4.2, fat 14, brain 6.4, muscle 1.4. The 
other tissues examined (lung, thymus, prostate, testis, and ovary) showed little uptake 
of radioactivity. The high concentration in fat (intra-abdominal or subcutaneous) 
was anticipated in view of the lipoid solubility of the compound and its probable 
absorption with fat ; its rapid loss from the fat depots was rather unexpected. The 
brain concentration is associated with the period of drowsiness, although this. effect 
is not so marked as when the drug is given by the intraperitoneal route. 

It is in the blood and spleen, however, that the most interesting features occur. 
Whole blood shows a progressive uptake which does not follow the pattern of other 
tissues (Fig. 2), but reaches a maximum figure intermediate between that of kidney 
and fat, by which time, however, the activity of the other tissues referred to 
(spleen excepted) has declined to very low levels. Furthermore, the radioactivity 


K 








144 JOAN CRICK and HAROLD JACKSON 


which time digestion was advanced and completed with a few minutes’ boiling. The 
contents of the tubes were again made up to 10 ml. for counting. 

Urine.—The radioactivity in a suitable sample of combined urine and washings was 
first estimated . Ethanol (1 ml.) was then added to 10 ml. of this sample together with 
silver phosphate (ca. 100 mg.) and shaken for 2-3 min.; this procedure effectively 
removed any inorganic iodide. After filtration the radioactivity remaining was assessed 
and represented organically bound iodine. 


RESULTS AND DISCUSSION 


p-lodophenyl! urethane, like phenyl urethane, possesses hypnotic or anaesthetic 
properties according to dose. Both substances are readily and almost completely 
absorbed from the alimentary tract or peritoneal cavity from olive oil solution. 
Their toxicities, however, are very different, which may be related in part to solu- 
bility, for the iodo-compound is much less soluble as the following figures show : 


lodophenyl urethane at 20°C... ws Plasma, 1.7 mg./ml. 
Water, 0.085 mg./ml. 
Phenyl urethane at 20° C. we dis Plasma, 2.19 mg./ml. 


Water, 0.62 mg./ml. 


The onset of depression of the central nervous system is more rapid with phenyl 
urethane and less prolonged. In addition, it is associated with marked vasodilatation 
of the skin vessels ; the ears and tails become very pink. The iodophenyl urethane 
(in doses of 500 mg./kg. in oil, by the intraperitoneal route) produces light anaes- 
thesia without capillary dilatation, associated with marked methaemoglobinaemia— 
an effect which is not observed with phenyl urethane. The appearance of these 
animals is similar to that observed after iodoaniline (see below). It will be seen 
from Table I that phenyl urethane is much more lethal than the substituted com- 
pound ; deaths with the former substance all occur within 24 hr., whereas the iodo- 
compound is lethal only after this time. As judged by the distribution of radioactivity 

















TABLE I 
} P f 
Rien | Dose (mg./kg.) . ‘reas a 7” 
| 
Phenyl urethane | 250 0 0 
350 0 0 
500 60 60 
| 600 100 100 
750 100 100 
p-lodophenyl urethane ne - | 500 0 0 
750 0 20 
1,000 0 60 
| 1,250 0 80 
ploteeiiies «0 05s | 250 0 0 
375 0 0 
500 0 60 
| 600 40 100 
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after oral administration, iodophenyl urethane (Fig. 1) undergoes a rapid metabolic 
transformation during the first 24 hr.; it js thus similar to ethyl carbamate except that 
60 per cent of the radioactive material is excreted by the kidney during this time, 
whereas only a small percentage of ethyl carbamate escapes in this way (Boyland and 
Rhoden, 1949). Unlike ethyl carbamate, which is said to be uniformly distributed 
among tissues, iodophenyl nrethane shows interesting tissue afiinities. Thisis apparent 


2000; 


Fic. 1.—The tissue distribution of radioactivity after administra- 
tion of p-iodopheny! urethane (320 mg./kg.; 12 counts/ug./min.) 
in olive oil solution. Dose volume 4 ml./kg. by mouth. Each 
point is the mean value from a group of five rats. 
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during the rapid metabolic phase referred to above and in its subsequent fate (Figs. 
1-5 inclusive). It seems likely that the selective concentration exhibited during the 
24 hr. phase is due to iodophenyl urethane itself. Of the major tissues kidney shows 
the highest transient radioactivity. Most of the radioactivity found in the urine is 
in organic combination, although some dehalogenation occurs (10 per cent of the 
ingested dose). In the main body tissues, the concentration ratios compared with 
plasma at the experimental peak of 4 hr. (oral dose, 320 mg./kg., Figs. 1 and 2) 
are as follows : Kidney 18, liver 10, spleen 4.2, fat 14, brain 6.4, muscle 1.4. The 
other tissues examined (lung, thymus, prostate, testis, and ovary) showed little uptake 
of radioactivity. The high concentration in fat (intra-abdominal or subcutaneous) 
was anticipated in view of the lipoid solubility of the compound and its probable 
absorption with fat ; its rapid loss from the fat depots was rather unexpected. The 
brain concentration is associated with the period of drowsiness, although this. effect 
is not so marked as when the drug is given by the intraperitoneal route. 

It is in the blood and spleen, however, that the most interesting features occur. 
Whole blood shows a progressive uptake which does not follow the pattern of other 
tissues (Fig. 2), but reaches a maximum figure intermediate between that of kidney 
and fat, by which time, however, the activity of the other tissues referred to 
(spleen excepted) has declined to very low levels. Furthermore, the radioactivity 
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is almost entirely located in the cellular elements of the blood and persists for 
days, long after all significant radioactivity is cleared from the plasma and other 
tissues, so that the relative concentration effect is of a very high order. The level of 
radioactivity may be raised to any chosen level by suitably increasing the proportion 
of radioactive iodine in the drug administered. The plasma activity, even at its 
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Fics. 2.--The localization of radioactivity in blood and spleen from the same series of experiments 
as in Fig. 1. In the blood almost all the radioactivity is in the cellular elements. Both blood 
cells and spleen show prolonged retention of activity. 


maximum, is small, even though no correction is applied for haemolysis. The splenic 
activity parallels that of the blood but does not reach such high values ; it is probably 
related to the functions of the spleen in storing and destroying red cells. It is 
interesting that the liver does not share to the same degree in this activity distribu- 
tion in spite of its participation in reticulo-endothelial function. 

A similar experiment, although followed for a shorter time, was carried out 
using the intraperitoneal technique of administration (Fig. 3). By this route narcosis 
is much more marked, and its onset and duration is related to the gross brain uptake, 
which, at its peak, is five times higher than the level attained by oral administration 
of the same dose of drug. The animals used in this experiment carried an implanted 
tumour (the Walker carcinoma 256), and the relative concentrations compared to 
plasma at the time of maximum brain level were : brain 8.4, blood (cells) 3.4, and 
tumour 3.0. This emphasizes the affinity shown by brain tissue for the drug at this 
stage. 

Once again the precipitous fall in tissue Jevels occurs, accompanied by the high 
corpuscular retention ; the red cell/plasma ratio after 24 hr. is 6 compared with 
0.5 for the tumour/ plasma and brain/plasma ratios. The amount of haemolysis in 
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the blood after centrifuging was greater after intraperitoneal injection of the drug 
and accounts for more of the plasma activity. 

The next step was to ascertain whether the selective uptake occurred at a much 
lower dose level (60 mg./kg.). The specific activity of the starting material was 
necessarily raised for this purpose. The -tissue picture was essentially the same 
(Figs. 4 and 5) except that the rapid metabolic phase was over in about one half the 
time required for the previous oral dose (Figs. | and 2) where the dose was five 
times greater. The plasma level was lower, and the activity concentration (plasma 
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1) in corpuscles and spleen after 24 hr. was thus much higher (30 and 12.5 respec- 
tively). A curious feature of this series was the second peak of activity observed 
in the blood cells and spleen after 24 hr. (Fig. 5). The reality of this effect was con- 
firmed by a subsequent experiment with freshly prepared material, but its signi- 
ficance is not known. After five days, in spite of almost complete clearance of 
plasma, the corpuscles still retained 1,400 counts per min., representing a content of 
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Fic. 5.—The same experiment as in Fig. 4 showing the blood and spleen pictures. Compared with 
Fig. 1, a proportionately greater quantity of material is localized in the red cells, although the 
dose is reduced to 1/S5th. The amount of radioactivity present is a function of the specific activity 
of the starting material and may be increased at will. 


about 18 g. of original material per ml. of blood. This may be compared with a 
retention of 40 yg. after a dose of 320 mg./kg. by mouth after the same time interval 
(Figs. 1 and 2); the mean spleen content was 9 yg./g. tissue after the smaller dose 
and 40 pg. at the higher level. 

It became clear from experiments carried out in vitro during the above studies 
that neither iodophenyl urethane nor phenyl urethane is selectively taken up from 
plasma solution by the red cells of man or the rat—only equilibration to approxi- 
mately equal concentrations occurs. This suggested some metabolic product is the 
reactive substance with red cells. Hydrolysis such as occurs with ethyl carbamate 
seemed the most likely primary change. This suggested iodoaniline or aniline as pos- 
sible metabolites, especially as aniline is well known to cause methaemoglobinaemia. 
However, we have not observed visible methaemoglobinaemia after phenyl urethane 
even in high dosage, whereas the iodinated compound produces methaemoglobin- 
aemia in doses as low as 10 mg./kg. and this effect is marked with 50 mg./kg. This 
suggested that phenyl urethane, which has a rapid and intense, though short, action 
on the nervous system, is likewise rapidly excreted and insufficient aniline is pro- 
duced by hydrolysis to cause methaemoglobinaemia. On the other hand, iodophenyl 
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urethane has a more prolonged effect and the iodoaniline formed is apparently a 
more effective agent for inducing methaemoglobinaemia. 

The metabolic picture after oral administration of iodoaniline labelled with 
radio-iodine is shown in Fig. 6, which is on a similar activity scale to Figs. 4 and 5, 
and the dose chosen represents the iodoaniline equivalent of 60 mg./kg. of iodo- 
phenyl urethane. The overall appearance resembles that produced by the iodo- 
urethane : especially is this so with the blood picture. In the tissues there is a rapid 
metabolic phase in the first 12 hr., but the relative concentrations of radioactivity 
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FiG. 6.—The mean tissue distribution of radioactivity after oral administration of p-iodoaniline 
(45 mg./kg. in olive oil; specific activity 89 counts/ug./min.). For comparison with Figs. 1, 2, 
4, and 5. Note the general similarity of the curves in this figure to those from p-iodophenyl 
urethane, especially in regard to the blood. The fat uptake is considerably lower from iodo- 
aniline than from the urethane. 


are less intense than with the iodo-ester. Brain concentrates iodoaniline less than 
it does iodophenyl urethane ; both substances, however, may produce a sustained 
hypnosis. It is not possible to say at this stage whether iodoaniline is partly respon- 
sible for the central effects of the urethane. After intraperitoneal injection of iodo- 
aniline the tissue distribution picture (Fig. 7) is again similar to that of the iodophenyl 
urethane (Fig. 3) except that the urethane produces a proportionately greater reten- 
tion of material in the blood cells. 

In previous work on the metabolism of acetanilide and related compounds in 
man and dog (Brodie and Axelrod, 1948) chemical estimations were made of the 
blood and tissue distribution of these substances. The authors suggest that aniline 
undergoes the following changes in the intact animal : 


Ph.NH, > Ph.NHOH > p-HO.C,H,NH,— p-RO.C,H,NH.CO.CH, 
phenyl hydroxyl- 
amine 
It is suggested that phenyl hydroxylamine is the potent agent inducing methaemo- 
globin formation. A small dose of this substance (1 mg./kg.) intravenously in the 
dog resulted in the conversion of 45 per cent of its haemoglobin to the ferric pig- 
ment. We have found a dose of 5 mg./kg. intravenously in the rat produces imme- 
diate and intense methaemoglobinaemia (40 per cent after 10 min.) lasting for about 
an hour. After administration of radio-iodoaniline some 50 per cent of radioactive 
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material appears in the urine in 24 hr. of which most is in organic combination, 
which is neither unchanged material nor acetylated iodoaniline (compare the aniline 
picture illustrated above). 

Various problems of interest have arisen out of this work on which we are 
endeavouring to throw light. Like aniline, iodoaniline is not taken up by the blood 
cells from plasma, thus confirming previous statements that some other site is the 
source of methaemoglobin inducing agents. The nature of the combination within 
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the blood cell and its stability is particularly interesting since the methaemoglobin- 
aemia is a transient phenomenon whereas the radioactivity persists long afterwards. 
Possible concentrations of radioactivity within bone marrow and leucccytes are 
being investigated. The effects of high radiation dosage administered in this way 
are being examined since it is possible to introduce literally any intensity of radio- 
activity desired into the blood cells and spleen with a very high degree of selectivity. 


SUMMARY 

1. The preparation cf N-p-iodophenyl ethyl carbamate labelled with radio-iodine 
is described. 

2. A preliminary examination has been made in rats of the tissue distribution of 
radioactivity after oral and intraperitoneal administration of this substance: a 
similar study has been carried out with labelled iodoaniline. , 

3. Both substances show an initial rapid metabolic phase during the first 24 hr. 
with transient concentration of varying extent in the major tissues—kidneys, brain, 
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and liver. No such effects were observed in other tissues, including muscle, lung, 
thymus, and gonads. 

4. A remarkable concentration of radioactivity develops in the cellular elements of 
the blood—probably the red cells only—which is associated in its earlier stages with 
methaemoglobinaemia. However, this localization of radioactivity persists long after 
visible methaemoglobinaemia has disappeared ; the spleen shares-in this activity, but 
on a somewhat smaller scale. Other tissues are then virtually free from radioactivity. 
This localization of activity occurs with both the substances referred to above. 

5. It is likely that N-p-iodophenyl ethyl carbamate undergoes hydrolysis in vivo 
to produce iodoaniline ; this in turn is converted to another agent which presumably 
enters the erythrocyte and is fixed by some cellular component. 

6. The metabolism of phenyl urethane is not accompanied by any visible 
methaemoglobinaemia even in sublethal doses. 


This investigation was supported by the British Empire Cancer Campaign and a 
research grant from the National Cancer Institute of the National Institutes of Health, 
Public Health Service of the United States of America. 
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Higgins and Anderson (1931) showed that if the median and left lateral lobes of 
the liver (amounting to about 65 per cent of the whole organ by weight) are removed 
from a rat at a single operation, the animal survives, and the remaining lobes increase 
in size so that the liver has regained its original weight within about 30 days. 
The present work describes the changes in amine oxidase and DOPA-decarboxylase 
content of the liver during its regeneration after partial hepatectomy. These enzymes 
were chosen because of their contrasted properties ; amine oxidase is insoluble and 
attached to the mitochondria (Cotzias and Dole, 1951), while DOPA-decarboxylase is 
soluble and is presumably dispersed throughout the cytoplasm of the cell. Since 
restoration of these enzymes might be affected by abnormal nuclear division, and 
since Brues and Jackson (1937) have shown that colchicine inhibits mitosis in 
regenerating liver, we have also studied the effect of colchicine on the enzyme 
content. 

In view of the possibility that DOPA-decarboxylase plays a part in the formation 
of adrenaline, the pressor amine content of the adrenals of rats treated with colchicine 
has also been determined. 


METHODS 


Partial hepatectomy.—Rats of about 200 g. weight were used and the operation was 
carried out as described by Higgins and Anderson (1931). The animals were fed both 
before and after the operation on the stock laboratory diet of cubes and water. 


Amine oxidase determinations.—Liver tissue was homogenized in 0.067M-sodium 
phosphate buffer (pH 7.4), and the homogenate was dialysed against tap water in order 
to reduce the oxygen uptake of the enzyme blank. The concentration of the homo- 
genate was brought up to 1 g. fresh weight of tissue in 10 ml. by the addition of more 
phosphate buffer. Enzymic determinations were made in conical Warburg flasks, the 
main compartment of which contained | ml. homogenate, 0.4 ml. 0.067 M-sodium 
phosphate buffer and 0.2 ml. 0.1M-semicarbazide. The side-bulb contained 0.4 ml. 
0.05M-tyramine hydrochloride or 0.4 ml. water in the blank, while the inner compart- 
ment contained 0.3 ml. NNKOH. Determinations were made at 37° C. in a gas-phase of 
oxygen. Readings were taken at 5-min. intervals, and the rate of oxidation was calcu- 
lated from the 5—20 min. readings. 
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DOPA-decarboxylase determinations.—Liver extracts were prepared and determin- 
ations carried out by the method described by Sloane Stanley (1949). 

Adrenal extracts——The adrenals were removed, carefully dissected free from con- 
nective tissue, and weighed. They were then ground up in phosphate buffer (pH 6.5) so 
as to make an extract containing 10 mg. fresh tissue per ml. This extract was immersed 
for 90 sec. in boiling water to precipitate the proteins and was then centrifuged. The 
pressor amine content of the supernatant fluid was estimated by comparing its action on 
the blood pressure of a spinal cat with that of a standard solution of synthetic 
/-adrenaline. 


RESULTS 

We first determined the mean percentage weight of liver removed at operation on 
12 rats, and found it to be 63 + 0.73. Assuming that this amount of liver was removed 
on each occasion the original total weight of the liver could be calculated. The 
course of restoration of the liver weight was followed by recording the weight of liver 
removed at partial hepatectomy and that removed on killing at intervals of 1, 2, 3, 
7, 12, and 20 days after operation. The results are shown in Fig. 1, where the 
weight of the regenerating liver is expressed as a percentage of the original total 
liver weight. 
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DAYS AFTER OPERATION 


Restoration of amine oxidase—Determinations of amine oxidase activity were 
made on the liver tissue removed both at operation and at various intervals after. 
The activity of the regenerating tissue was calculated in each case as a percentage 
of the activity of the lobes removed at operation, and the results are shown in Fig. 
2. In Fig. 2a they are expressed as total activity of the liver. It will be seen that 
there was no change in the total activity for the first two days after operation, and 
that thereafter there was a gradual restoration of enzyme which roughly followed 
the course of the growth of liver substance. Fig. 2b shows the enzyme activity 
expressed in terms of unit weight of fresh liver tissue. Here there was a fall in the 
concentration of the enzyme during the first two days, followed by a rapid rise 
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Days 


until it had reached its original level seven days after operation. Between the seventh 
and twelfth days there was a fall which was not restored during the subsequent week. 
Thus three weeks after partial hepatectomy the activity per unit weight was still only 
about 85 per cent of that before operation. When the enzyme activity was expressed 
in terms of mg. protein nitrogen, it was found that there was no difference in 
activity 1, 7, 12, and 20 days after operation, showing that the regeneration of the 
enzyme protein went parallel with that of the other protein components of the cell. 


Restoration of DOPA-decarboxylase.—The activity of DOPA-decarboxylase in 
regenerating liver is shown in Fig. 3. It will be seen that the restoration of the 
enzyme was similar to that of amine oxidase and that the total activity was restored 
to about 80 per cent of its original value in three weeks. As with amine oxidase, 
there was an initial fall in the concentration of the enzyme during the first day after 
operation. 


The effect of colchicine-—Twenty-four hours after partial hepatectcmy there is 
a marked increase of cell-division. If at this point colchicine is given in a dose of 
0.01 to 0.2 mg. per 100 g. body weight, mitosis is interrupted and 12 to 24 hours 
later numerous abnormal mitotic figures may be seen (Brues, Drury, and Brues, 
1936). We therefore gave colchicine (0.1 mg./100 g.) subcutaneously to rats 24 hours 
after partial hepatectomy. It was found that the rats usually survived this dose of 
colchicine, but lost their appetite and became lethargic. 
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We found that colchicine had no effect on the total amine 
When, howevef, the activity was expressed in terms of 


unit weight of fresh liver tissue (Fig. 4b) it was found that the activity was increased. 
This result is explained by the effect of colchicine on total liver weight (Fig. 4c). It 
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FiG. 4.—The effect of colchicine on the amine oxidase activity of regenerating liver. (a) Total enzyme 
content; (+) enzyme activity per unit weight of tissue; (c) liver weight. Untreated O. : 
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will be seen that in untreated animals there was in the first two days an increase in 
the weight of the liver without much increase in the total enzyme content. This 
means that there was a decrease in the activity per unit weight. When colchicine 
was given, however, there was no increase in the weight of liver during the second 
day. There was, however, an increase in the total enzyme content, and thus the 
concentration of the enzyme was greater. 


(b) DOPA-decarboxylase.—The effect of colchicine on the enzymic activity of 
the liver is shown in Table I. Each result is expressed in two ways. The figure 


TABLE I 


THE EFFECT OF COLCHICINE ON THE L-DOPA-DECARBOXYLASE ACTIViTY OF THE LIVER IN 
NORMAL AND PARTIALLY HEPATECTOMIZED RATS 














Unoperated rats Hepatectomized rats 
eeniee 7 nee | | Colchicine 
Colchicine per 100 g. 
Controls babs Controls per 100 g. 
0.1 mg. 0.5 mg. 1,0 mg. 0.1 mg. 
Total Total Total Total Total | Total 


GOO: \activity Ie activity | IO: ‘activity | FC activity, WP activity | IO: activity 





0.51 | 2,310 | 0.43 2,470 | 0.11 465 | 0.14 590 | 0.36 | 610 | 0.28 525 
0.78 | 3,780 | 0.44 2,300 | 0.19 | 955 | 0.16 670 | 0.51 | 965 | 0.22 325 
| 0.86 3,150 | 0.55 3,160 | 0.35 | 1,580 0.27 1,070 0.56 | 945 | 0.15 257 
| 0.76 | 3,550 | 0.35 | 1,920 | 0.12 580 | 0.50 920 | 0.32 690 
0.88 | 4,100 | 0.59 | 2,650 | | 0.24 970 | 0.56 910 | 0:39 640 
1.35 | 5,500 | 0.44 1,960 | | 0.17 | 295 
0.65 | 2,950 





Mean 0.83 | 3,620 | 0.47 | 2,410 | 0.22 | 1,000 | 0.19 780 | 0.50 | 870 | 0.25 455 





S.E. | +381 | £190 | +323 +102 | | 466 £77 





on the left is the activity per unit weight of tissue (ul. CO, evolved per mg. liver per 
hr.); that on the right is the total activity of the liver and this figure has been 
corrected for differences in the body-weights of the rats. Means and standard errors 
are given at the bottom of the table. It will be seen that in normal rats colchicine 
in doses of 0.1, 0.5, and 1.0 mg. per 100 g. markedly reduced the enzymic activity, 
and that the higher the dose the greater was the reduction. In hepatectomized rats 
0.1 mg. colchicine per 100 g. also reduced the activity, but no results are recorded 
for 0.5 and 1.0 mg., since the animals did not survive these amounts. 

To compare the effect of colchicine on DOPA-decarboxylase with its effect on 
amine oxidase, the results of giving 0.1 mg./100 g. of the drug to hepatectomized 
animals are also shown in Fig. 5. It will be seen that the total enzyme content was 
reduced by about 50 per cent. 

It seemed possible that colchicine might be acting as a specific inhibitor of the 
enzyme. To test this point the activity of normal rat liver was determined in the 
presence of colchicine in vitro. It was found that the addition of 10 yg. colchicine 
to 0.75 g. fresh liver had no effect on the enzymic activity. 
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It has been shown that in rats deficient in pyridoxine the DOPA-decarboxylase 
activity of the liver is very low, and that this can be restored to normal, if the 
deficiency is not too severe, by the addition in vitro of pyridoxal phosphate (Blaschko, 
Carter, O’Brien, and Sloane Stanley, 1948). In order to see whether the low activity 
in animals treated with colchicine was due to a deficiency of the coenzyme, synthetic 
codecarboxylase was added to the liver extract in vitro. It was found that in rats 
partially hepatectomized and treated with colchicine the qCO. of the pooled extracts 
of liver tissue was 0.19. The addition of 10 yg. synthetic codecarboxylase to the 
pooled extracts in vitro resulted in a slight increase in the gCO, to 0.29 but did not 
restore it to the qCO, of 0.64 which was found in untreated rats two days after partial 
hepatectomy. Thus the reduced activity after colchicine was only partly due to 
loss of coenzyme. 

(c) Pressor amines.—The effect of colchicine on the pressor amine content of the 
adrenals is shown in Table II. The figures on the right of each column are the 
pressor amine contents of the glands expressed as yg. adrenaline per 100 g. rat. It 
will be seen that when doses of 0.1 and 0.5 mg. colchicine per 100 g. were given 
to normal animals, the pressor amines were not affected. When, however, 1.0 mg. 
was given to normal rats, or 0.1 mg. to hepatectomized rats, the pressor amine content 
of the adrenals was much reduced (see also Fig. 6). 


DISCUSSION 


We have shown that after partial hepatectomy the restoration of amine oxidase 
and DOPA-decarboxylase proceeded roughly parallel with the restoration of liver 
weight. There were, however, some discrepancies. First, although during the first 
two days after operation the total enzymic activity remained almost unchanged 
(Figs. 2a and 3a), the liver gained rapidly in weight (Fig. 1), so that the concentration 
of the enzyme fell (Figs. 2b and 3b). Apparently the fall in concentration 
resulted from a “ dilution ” of the enzymes already present immediately after hepat- 
ectomy and no new enzyme was formed until after the second day, i.e., when the 
cell number began to increase. This explanation is supported, at least for amine 
oxidase, by our finding that when expressed in terms of mg. protein nitrogen the 
concentration of enzyme remained constant. The fall in concentration of amine 
oxidase between the 10th and 20th days (Fig. 2b) may be explained in a similar way, 
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TABLE Il 


THE EFFECT OF COLCHICINE ON THE PRESSOR AMINE CONTENT OF THE ADRENALS OF NORMAL 
AND PARTIALLY HEPATECTOMIZED RATS 


The results are expressed as microgrammes of adrenaline. 





Unoperated rats Hepatectomized rats 
Colchicine per 100 g. ae 
Controls Controls Fear 2. - 
0.1 mg. 0.5 mg. 1.0 mg. 0.1 mg. 
Per | _ Per Per Per | Per | Per 
Total 100g. | Total 100g. | Total) 100g. Total 100g. Total: 100 yz. Total 100g. 
rat rat rat | rat rat ra 
43.5 18.1 31.5 17.0 | 21.5 | 14.1 13.0 | 11.8 | 26.2 | 13.7 | 12.2 6.4 
31.0 13.2 | 47.5 | 264 : 30.7 21.8 6.2 47 240, 12.0 8.7. 5.4 
30.0 15.0 39.0, 24.4  § 22.1 17.0 12.5 11.3 | 29.0) 16.0 | 12.3 6.8 
20.0 11.0 30.0, 17.6 15.1 10.8 | 29.5 ; 15.2 | 13.6 8.5 
34.0 | 13.5 , 34.5 | 17.7 : 29.0 ; 19.7° | 13.5 7.9 
, 38.5 22.0 ; 67.9 | 20.5 31.2 16.3 | 11.5 6.8 
50.5 _ 25.2 . 65.7 | 22.0 29.6 16.6 | 11.0 6.5 
45.3 23.8 69.6 24.4 38.0 | 22.4 |; 
| 79.9 25.0 | 58.9 |; 16.3 21.0 13.3 
56.2 16.5 : 30.5 | 23.6 
| 36.0 | 15.2 
" | = —*" 
Mean! 18.3 20.7 17.0 9.6 16.7 | 6.9 
S.E. 1.8 1.3 2.2 44.7 jada | 0.4 





for Higgins and Anderson showed that during this period there were frequent 
fluctuations in the fluid content of the liver, though its dry weight remained constant. 

The finding that the DOPA-decarboxylase activity of the liver both of normal 
and hepatectomized rats was much reduced if the animals were previously given 
colchicine was unexpected. The reduction could not have been due to a direct 
inhibition of the enzyme by the drug, for colchicine added to the flask did not reduce 
activity, although it might have been slowly changed in the body to some compound 
which did inhibit the enzyme. The other possibility is that colchicine has a slow 
toxic action, which causes a loss of coenzyme or apoenzyme. We have shown that 
there was some loss of coenzyme, for the enzymic activity of the liver from treated 
rats was in part reactivated by the addition of synthetic codecarboxylase. From 
this experiment, however, it did not appear that the action of colchicine could be 
completely explained by its effect on the coenzyme. It seems likely, therefore, that 
colchicine, or some metabolic product of it, has a toxic effect on the liver cell which 
causes a loss of enzyme protein. In this connexion, it is interesting to note that 
colchicine did not affect the activity of amine oxidase when given to normal or 
hepatectomized animals. 

We have shown that the treatment of rats with colchicine much reduces the 
pressor amine content of their adrenals. Such a reduction could be due (i) to an 
increased output from the gland such that the rate of formation was not sufficient 
to make up the loss, (ii) to a decreased rate of formation in the gland while the out- 
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put remained constant, or (ili) to a combination of increased output and decreased 
formation. It is interesting to consider these three possibilities in turn. In the 
first place, although it is not known whether colchicine increases the rate of 
liberation of adrenaline from the adrenals, it may well do so, for it is known to 
cause “stress,” i.e. it produces an increased output of ACTH from the pituitary 
(Wolfson quoted by Vogt, 1951), and substances which have this action might be 
expected to cause sympathetic hyperactivity. Drugs which cause stress do not 
necessarily reduce the pressor amines, for Anderson, Blaschko, Burn, and Mole 
(1951) showed that hexoestrol, which causes adrenal enlargement by acting on the 
pituitary, produced no such reduction. However, our results do not exclude the 
possibility that colchicine increases the rate of output of adrenaline so much that 
the normal rate of formation is not sufficient to prevent the content falling. The 
second possible explanation, that colchicine acts merely by slowing the formation 
of pressor amines, is interesting in view of our finding that it decreases the liver 
DOPA-decarboxylase and the suggestion by Blaschko (1939) that DOPA-decarboxy- 
Jase may play a part in the biosynthesis of adrenaline, a suggestion that is supported 
by the work of Blaschko, Burn, and Carter (1951). Fig. 6, derived from Tables I and 
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II, sets out side by side the effects of colchicine on enzyme activity and pressor 
amine content. It will be seen that in normal rats 1.0 mg. colchicine per 100 g. 
reduced the liver enzyme activity by nearly 70 per cent and the pressor amines by 
40 per cent: Simple hepatectomy, however, which also reduced the cnzyme content 
by nearly 70 per cent, had no effect whatever on the pressor amines. Colchicine 
cannot therefore have reduced them merely by its action on the liver enzyme. The 
occurrence of DOPA-decarboxylase in the adrenal of the ox (Langemann, 1951) 
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raises the possibility that it is this enzyme rather than the liver enzyme which is 
concerned with adrenaline formation. If this were so in the rat, it would be easy 
to understand why hepatectomy, which merely affected the liver enzyme, had no 
effect on the pressor amines, while colchicine, which might well reduce the activity 
of any possible adrenal enzyme, lowered them. The third explanation, that colchi- 
cine both interfered with adrenaline formation by reducing liver DOPA-decarboxy- 
lase and at the same time increased the rate of output from the adrenals, is also 
possible. Finally, colchicine may affect, directly or indirectly, some other reaction 
involved in the biosynthesis of adrenaline. 


SUMMARY 


1. The amine oxidase and L-DOPA-decarboxylase activity of liver was deter- 
mined after partial hepatectomy in rats. During the first two days after operation 
there was no change in the total enzymic activity, but the liver increased in weight. 
The concentration of enzymes in the liver therefore fell. After the second day the 
total enzyme activity increased, and reached about 80 per cent of its original value 
20 days after the operation. 

2. Colchicine (0.1 mg. per 100 g.), given to hepatectomized rats 24 hours after 
operation, had no effect on the total amine oxidase activity of the liver. The total 
DOPA-decarboxylase activity was, however, reduced to about 50 per cent of its 
normal value. When colchicine was given in-this and higher doses to normal rats 
also, the liver DOPA-decarboxylase was reduced. Colchicine itself did not inhibit 
the enzyme in vitro. The reduced activity could be only slightly increased by addition 
in vitro of synthetic pyridoxal phosphate (codecarboxylase). 

3. Colchicine (0.1 mg. per 100 g.), given to hepatectomized rats, reduced the 
pressor amine content of the adrenals to about 40 per cent of the normal value. 
When given to normal rats, a large dose of colchicine (1.0 mg. per 100 g.) also 
reduced the pressor amines, but smaller doses (0.05 mg. and 0.1 mg.) had no effect. 

4. These findings are discussed with particular reference to theories of the bio- 


synthesis of adrenaline. 
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The relationship between the biological activities of the nutrient 2-amino-4- 
hydroxypteridines, such as pteroylglutamic acid (PGA), and the 2: 4-diaminopteri- 
dines possessing substituents in both the 6 and 7 positions has been investigated in 
Streptococcus faecalis and other organisms. Using a strain of Str. faecalis that 
required preformed PGA, Daniel, Norris, Scott, and Heuser (1947) found that some 
diaminopteridines actively inhibited growth, and that this inhibition was overcome by 
PGA. Using a similar strain of organism, we (Collier and Waterhouse, 1950b) have 
obtained similar results with a number of diaminopteridines, recently synthesized by 
Campbell, Dunsmuir, and Fitzgerald (1950, 1952). One of the objects of the present 
paper is to report the activities of further diaminopteridines against this strain of 
Str. faecalis and against three pathogenic strains of this species recently isolated from 
cases of bacterial endocarditis. 

Since a number of the diaminopteridines examined showed high activities against 
the pathogenic strains, we thought it desirable to carry out therapeutic tests in 
infected animals. None of the strains of Str. faecalis used, however, proved to be 
pathogenic to mice. As Daniel and Norris (1947) had shown that diaminopteridines 
inhibited the growth in vitro of Staphylococcus aureus and as a strain of this organism 
causing a fatal bacteriaemia in mice was made available to us, we decided to carry 
out therapeutic tests in mice infected with Staph. aureus. We accordingly first 
examined in vitro the activity against Staph. aureus of the compounds more active 
against Str. faecalis. Although the two bacterial species showed considerable 
differences in reactions to the compounds, several pteridines exhibited comparable 
activities in both species. We chose one of these, 2 : 4-diamino-6 : 7-dibenzyl- 
pteridine (0/137; hereafter called dibenzylpteridine), for exploration of the thera- 
peutic possibilities of compounds of this type in infections of mice with Staph. 
aureus ; these experiments are reported below. 

Daniel and Norris (1947) showed that certain diaminopteridines act synergistically 
with sulphathiazole in inhibiting the growth in vitro of Staph. aureus and other 
organisms that do not require preformed PGA. We have therefore examined in a 
number of experiments described below whether dibenzylpteridine also acts syner- 
gistically with sulphathiazole in protecting mice against infections of Staph. aureus 
and in inhibiting the growth of this organism and of Str. faecalis in vitro. 


L 
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MATERIALS AND METHODS 


Compounds,—The chemical names and serial numbers of the diaminopteridines 
employed are given in Table I. These compounds are for the most part the same as 
those previously screened against Vibrio cholerae (Collier and Waterhouse, 1950a). For 
work in vitro the free bases were used. The base, phosphate, and hydrochloride of 
dibenzylpteridine (0/137), the phosphate of the di-sec-butyl compound (0/142), and the 
bases of compounds 0/87, 0/104, and 0/128 were used for experiments in mice. For 
comparative purposes 4-aminopteroylglutamic acid, potassium penicillin G (1,575 units 
per mg.), chloramphenicol, and sulphathiazole were employed. In order to study 
antagonism of the antibacterial pteridines we used synthetic citrovorum factor (“ Leuco- 
vorin ”). 


Strains.—In addition to the strain of Sir. faecalis (M75) previously used by us (Collier 
and Waterhouse, 1950b), we employed three pathogenic strains, named Blandford, Ken- 
wood, and Moat, which had recently been isolated by Cates, Christie, and Garrod (1951) 
from the blood in clinical cases of bacterial endocarditis. The pathogenic strains of 
Str. faecalis were maintained in blood-agar. For experiments with Staph. aureus we 
used the mouse pathogenic strain CN491. For experiments in vitro this was maintained 
on blood-agar. For work in vivo it was maintained by once-weekly passage through mice 
Lactobacillus casei (ACTC 7469) was used for comparison with Str. faecalis. 


Experiments in vitro.—All experiments with Str. faecalis and L. casei were carried out 
in the modified medium of Barton-Wright, Emery, and Robinson (1945) previously used 
by us (Collier and Waterhouse, 1950b) ; to this 2 mug. PGA per ml. medium was added. 
For examination of antagonism by body fluids we also added to this medium 5 per cent 
(v/v) human urine before or 5 per cent (v/v) oxalated horse blood after autoclaving. 
The procedure for inoculation was that previously described, except that pathogenic 
strains were grown for 48 hr. before preparing the inoculum. The inoculum was adjusted 
by opacity tubes to give approximately 10° organisms per ml. test medium. 

Experiments with Staph. aureus were carried out in a slightly modified form of the 
medium of Daniel and Norris (1947). The inoculum was grown for 22 hr. in the medium 
described by the latter authors. The inoculum was adjusted to give approximately 10* 
organisms per ml. test medium. 

Drugs were diluted serially as solutions or fine suspensions by twofold steps. 
Pteridines and sulphathiazole were autoclaved at 10 Ib. for 10 min. in tubes of test medium 
after dilution, Antibiotics were diluted aseptically in previously autoclaved tubes of 
medium. 

After incubation at 37° C. the extent of bacterial growth was read visually and in 
experiments with Str. faecalis (M75) also by nephelometer (Eel). Where blood was 
present in the medium, pH readings were made after incubation for 40 hr. in order to 
obtain evidence of bacterial growth. The end-point was assessed on a serial dilution 
scale as the least concentration in »g. per ml. required to inhibit growth for a specified 
time. The results were expressed as the geometric mean of the determinations. 


Experiments in mice.—White mice weighing 18-26 g. were used in toxicity tests. 
In therapeutic tests, smaller mice (14-20 g.) were inoculated with approximately 10’ 
organisms, suspended in 5 per cent mucin (Wilson’s—type 1701-W). A washed standard- 
ized inoculum was prepared from an overnight culture in blood-broth. Drugs were 
administered in a single dose either by mouth or intraperitoneally between a quarter 
and one hour, according to the experiment, after infective inoculation. Both in toxicity 
and in therapeutic tests drugs were given in 10 per cent gum acacia in water. 
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RESULTS 
Experiments with Str. faecalis 
The results of screening tests of pteridine bases against Str. faecalis (M75) are 
included in Table I, which summarizes the responses of all four strains of this species 
TABLE I 
INHIBITION OF FOUR STRAINS OF Str. faecalis AND OF Staph. aureus BY 2: 4-DIAMINOPTERIDINES 


For Str. faecalis readings taken after 16-18 hours’ incubation in medium containing 0.002 ug. 
PGA/ml.; for Staph. aureus after 24 hours’ incubation. 
































N. /N 
H—% 8 \/ | >—NH, 
Formula of 2: 4-diaminopteridine | | 3) 
Hs X 4N 
\NZ ae 
‘NH, 
| Min. inhibitory concn. in vg. per ml. 
Serial 6: 7-substituents in |- — —— _— a 
No. 2:4-diaminopteridine | ——ti‘“(;C*C~SS«sC fcecalis | Staph. 
M75 | Moat | Kenwood | Blandford aureus 
0/154 None | >10 | | ~100 
0/58 dimethyl 1.0 | 50 
0/69 diethyl 0.075 | | 1.0 25 
0/71 di-n-propyl | 0.0126 | | 0.316 4.47 
0/129 diisopropyl 0.0126 | 0.011 | 0.355 0.251 >50 
0/128 di--butyl | 0.6063 0.004 | 0.5 | 0.0316 0.20 
0/113 diisobutyl 0.010 | 0.631 | 17.8 
0/142 di-sec-butyl | 0.0063 0.004 0.11 | 0.178 50 
0/87 | di-n-amyl 0.0063 0.355 | 0.20 
0/150 | di-sec-amyl 0.0063 | 0.255 4.47 
0/138 («-ethyl-n-propyl)- 0.125 | | 17.8 
0/103 di-n-hexyl 0.050 0.250 | 0.50 
0/88 di-n-heptyl | 0.158 | >100 
0/83 | dicyclohexyl | 0.398 | | > 100 
0/104 | di(cyclohexylmethyl)- | 0.031 1.0 | | 0.215 
0/137 dibenzyl | 0.0126 | 0.003 | 0.166 | 0.266 | 0.210 
6/97 camphano-(2’: 3’-6:7 | | | 
or 7: 6)- 0.178 50 
0/67 | di (I-furyl)- 0.158 | 
0/171 | indolo-(2’: 3’-7:6)- | 0.355 | 
0/120/[ | 1’-methylindolo- 
| (2’: 3’-7: 6)- 0.355 
0/120/11 | 1’-methylindolo- | | | 
| (2’: 3’-6: 7)- 0.0133 | | 
0/169 1’-ethylindolo- 
(2’: 3’-7: 6)- 0.20 | 
0/170 | 1’ n-propylindolo 
| (2’: 3’-7: 6)- 0.079 
0/174 1’-benzylindolo- 
(2’: 3’-7: 6)- 0.045 
0/61 di-(p-methoxypheny])- 0.075 
0/114 di-(o-methoxyphenyl)- 0.50 
0/63 diphenyl 0.083 8.0 > 100 
4-aminopteroylglutamic acid 0.021 0.50 4.0 8.0 
Chloramphenicol 12.5 | 2.14 5.0 4.47 2.51 
Sulphathiazole 0.631 
Penicillin | 0.039 
Equal parts sulphathiazole and dibenzylpteridine (0/137) | 0.050 
{ ] } 
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to the drugs examined. Tests with strain M75 were carried out in duplicate. Agree- 
ment between duplicates was excellent and that between tests was fairly good. For 
example, the mean logarithm of 25 end-points obtained with aminopterin, which 
was generally put up for reference, was 1.32 myg. per ml., and its standard error was 
+ 0.098. 

It will be seen from Table I that while all strains of Str. faecalis are highly sen- 
sitive to certain diaminopteridines, the Kenwood and Blandford strains are con- 
siderably less sensitive than the other two. Experiments showed that these two 
strains were able to grow without addition of PGA to the medium, while, on the 
contrary, strains M75 and Moat required PGA or its equivalent for growth. 

This difference between the strains was also reflected in their reaction to a 
mixture of dibenzylpteridine and sulphathiazole. Table II gives an example of 

TABLE II 


EFFECT OF SULPHATHIAZOLE ON THE ACTIVITY OF DIBENZYLPTERIDINE (0/137) AGAINST FOUR 
STRAINS OF Str. faecalis 


Medium contained 0.002 wg. added PGA per ml. Readings taken after incubation for 




















40 hours. 
| ‘ 
Strain _ Requirement Drug | Min. inhib. concn. in 
for PGA pg./ml. 
Sulphathiazole | >500 
M75 Required Dibenzylpteridine | 0.0078 
S’thi: + dibenzylpteridine 3.9S’thi: + 0.00195 pteridine 
Sulphathiazole | >500 
Moat Required Dibenzylpteridine | 0.0156 
S’thi: + dibenzylpteridine | 15.6S’thi: +0.0078 pteridine 
Not Sulphathiazole | >500 
Kenwood —s Dibenzylpteridine | 0.25 
—— S’thi: + dibenzylpteridine | 3.9S’thi: + 0.00195 pteridine 
Blandford §{|° Not Sulphathiazole | >500 
a | Dibenzylpteridine 0.25 
q _ S’thi: + dibenzylpteridine | 7.8 S’thi: + 0.0039 pteridine 








experiments in which the inhibitory activities of sulphathiazole and of the pteridine 
were compared with that of a mixture containing 2,000 parts of sulphathiazole to | 
part of pteridine. In the presence of sulphathiazole, the activity of the pteridine 
against the two strains that do not need PGA for growth is considerably increased. 
Although sulphathiazole alone is inactive at 500 pg. per ml., it appears to convert 
the strains not requiring PGA to the same degree of sensitiveness to diaminopteri- 
dines as those requiring this nutrient. 

It will be seen in Table I that some of the new pteridines studied are more effective 
than aminopterin in inhibiting the growth of Str. faecalis in a medium containing a 
defined concentration of PGA. It is of interest to report that in similar conditions 
these pteridines are very much less effective than aminopterin in inhibiting the 
growth of L. casei. In a medium containing 0.1 mug. PGA per ml., one part by 
weight of aminopterin proved as effective as about 750 parts of pteridine 0/120/TII, 
3,000 of 0/137, 10,000 of 0/129, and 70,000 of 0/128. 
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As we were interested in the possible therapeutic value of diaminopteridines in 
human infections with Str. faecalis, we examined whether these substances were 
antagonized by blood or urine. In our experiments 5 per cent human urine did not 
antagonize the dibenzyl- or the di-sec-butyl-pteridines. | Oxalated horse blood 
possibly exerted a slight antagonism. 

We have previously reported (1950b) that pteridines of the type under inves- 
tigation are antagonized by PGA. We find, using Str. faecalis (M75), that synthetic 
citrovorum factor antagonizes pteridines 0/69, 0/120/II, and 0/129 in a similar 
manner to PGA, but with considerably greater effectiveness. 


Experiments with Staph. aureus in vitro 


Table I summarizes the results of experiments with Staph. aureus in vitro. In 
these experiments the diaminopteridines more active against Str. faecalis were 
examined ; sulphathiazole was used for reference in most tests. There was good 
agreement between tests. For example, the mean logarithm of seven end-points for 
sulphathiazole was 2.8 myg. per ml. and its standard error +0.113. 

It will be seen (Table I) that the most active diaminopteridines were rather 
more effective than sulphathiazole, though less effective than penicillin, in suppress- 
ing growth of this strain of Staph. aureus on the medium used. It will also be seen 
that a mixture of equal parts of sulphathiazole and dibenzylpteridine was more 
effective than either substance alone. Analysis showed that this difference was 
significant. 


Experiments on toxicity 


The four pteridine bases most active against Staph. aureus, 0/87, 0/104, 0/128, 
and 0/137, were administered in suspension in gum acacia intraperitoneally to mice 
at 4, 2, and | g. per kg. This preliminary experiment, involving 55 mice, showed 
that the order of toxicities was as follows: di-n-butyl (0/128)>di-n-amyl (0/87) 
>di(cyclohexylmethyl) (0/104)>dibenzyl (0/137). Whereas a dose of 2 g. 0/128 
per kg. killed all of five mice treated, a dose of 4 g. 0/137 per kg. killed no animals. 
Since dibenzylpteridine was the least toxic of the pteridines administered to mice 
and among the most active of those tested against Staph. aureus in vitro, and since 
it showed comparable activity against Str. faecalis, it was chosen for exploration 
of the therapeutic possibilities of compounds of this type in mice infected with 
Staph. aureus. 

Toxicity tests were somewhat limited by the quantities of pteridine salts available. 
The results of experiments with dibenzylpteridine base and with the phosphate and 
hydrochloride, with sulphathiazole, gnd with a mixture of the latter two drugs may be 
summarized by the statement that the toxicity of the pteridine salts appears to be of 
the same order as that of sulphathiazole. The toxicity of the mixure of the two 
drugs may be a little higher, but if so the difference is slight. 

Eight or more days after administration of the drugs, some surviving mice were 
sacrificed and examined post mortem. In animals receiving the pteridine, deposits 
of drug were found in the connective tissue of the peritoneal cavity and this tissue 
had evidently increased in bulk. All animals surviving the drug and not sacrificed 
for examination post mortem remained healthy for at least 28 days after adminis- 
tration of the pteridine. 
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Doses of 1.0 and 2.0 g. of the dibenzylpteridine phosphate were administered to 
mice by mouth without any apparent toxic effect. The di-sec-butylpteridine phos- 
phate administered intraperitoneally to mice for comparison with the dibenzyl com- 
pound killed all mice at a dose of 100 mg. per kg. and none at 50 mg. per kg. 


Protective experiments in mice 


In an initial series of experiments, involving 170 mice, the activities of the 
dibenzylpteridine, sulphathiazole, and chloramphenicol were compared when each 
drug was administered by mouth. The results of these tests, summarized in Table 
III, show that single doses of dibenzylpteridine phosphate exhibit definite protective 


TABLE Iil 
THERAPEUTIC ACTIVITY IN MICE INFECTED WITH Staph. aureus OF DIBENZYLPTERIDINE, 
SULPHATHIAZOLE, AND CHLORAMPHENICOL 


Summary of tests where each drug was given by mouth in one dose between a quarter and 
one hour after infective inoculation. 





























| 
Oral dose | Survivors to total No. of mice at 
Drug in ——_—_—_—_—__—_—— —_—__—. 

mg./kg. | 2 days 3 days | 5 days | 6 days 
Sulphathiazole .. =. =... | 500 | ‘18/20 14/20 4/10 | 1/10 
250 9/10 | 8/10 6/10 | 3/10 

125 5/5 4/5 | 0/5 0/5 
62.5 | 8/10 7/10 | 2/10 1/10 
Dibenzylpteridine base . . ‘ta + | 500 | 3/10 2/10 | 1/10 0/10 
Dibenzylpteridine phosphate | 1000 | 14/5 | 13/95 | IIs 8/15 
500 | 15/25 | 13/25 6/25 5/25 

| 125 0/5 | 0/5 0/5 0/5 

Chloramphenicol [a ae | 500i‘ kS(ité‘dLStCOSIS|CS/S 5/5 
125 14/15 | 14/15 | 13/15 11/15 
All untreated controls 8/60 5/60 4/60 | 2/60 





activity. When given by mouth, a dose of | g. of this compound per kg. exerts a 
more prolonged effect than 0.5 g. sulphathiazole, but less effect than 0.125 g. chloram- 
phenicol. 

Since we thought it possible that the pteridifie was not readily absorbed from the 
alimentary canal, we compared the activities of the phosphate of dibenzylpteridine 
with those of sulphathiazole and penicillin G, when each drug was administered by 
the intraperitoneal route. This experiment, illustrated in Table IV, shows that, given 
by this route, the pteridine prolongs life more effectively than the sulphonamide, 
though less than the antibiotic. 

For reasons already stated, we also examined the therapeutic activity of mixtures 
of sulphathiazole and dibenzylpteridine phosphate. Synergism between the two 
drugs is shown in Table IV. It was confirmed in other experiments. In one of 
these both drugs were administered by mouth half an hour after intraperitoneal 
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TABLE IV 


THERAPEUTIC ACTIVITY IN MICE INFECTED WITH Staph. aureus OF DIBENZYLPTERIDINE, 
SULPHATHIAZOLE, AND PENICILLIN G 


One intraperitoneal dose of drug given half an hour after infective inoculation. 
































Dose in No. survivors out of 10 animals at 
Drug mg. per |_——_—_ — 
kg. 2 days | 3 days 5 days | 7 days 

Sulphathiazole 125 6 4 | 1 
31.25 | 3 | 1 0 0 

Dibenzylpteridine phosphate . | 250 | 10 | 8 | 3 1 
| 62.5 | io | 0 | 5 I 

| | 

Mixture equal parts sulphathiazole and | 31.25 | 10 10 | 9 5 
pteridine ee Sa ay Sa 4 7.8 | 10 | 10 6 3 
PenicillinG .. .. .. ..| 16 | 0 | 0 | 9 | 7 
| 3.9 | 10 8 | 7 4 
os | 9 | 9 | 6 | 5 
Untreated controls | l | 0 | 0 | 0 





inoculation with Staph. aureus. In another experiment, illustrated in Table V, 
sulphathiazole was given by mouth and the pteridine intraperitoneally. In this 
experiment, judged by survivals at seven days, a combination of the two drugs 
appeared to exert more protective effect than 16 times the dose of either drug alone. 


DISCUSSION AND CONCLUSIONS 


In experiments described above, both Str. faecalis and Staph. aureus show them- 
selves to be sensitive to the structure of substituents in the 6 and 7 positions of the 
pteridine molecule. Their reactions show interesting similarities and differences. 
Both species are readily inhibited by the dibenzyl and dicyclohexylmethyl compounds 


TABLE V 
SYNERGISM in vivo BETWEEN SULPHATHIAZOLE AND DIBENZYLPTERIDINE 
Drugs administered half an hour after inoculation with Staph. aureus. 




















Dose of drug in mg./kg. No. survivors out of 10 animals at 
a ‘a = ov _ ae ‘i ; -_ ee ee — 
Sulphathiazole Dibenzylpteridine | ’ 
orally phosphate [.P. | 2 days 3 days | 5 days 7 days 
250 | 0 | 9 | 8 6 ; 
62.5 0 | 8 | 7 2 | 0 
0 250 10 9 | 3 | Oo 
0 62.5 | 10 6 | 3 | 0 
31.25 25 | wo | wo | 6 | 2 
7.8 7.8 10 | y s | 6 
} 
Untreated controls 2 0 0 | 0 
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and by those possessing straight alkyl chains of three to six carbon atoms. Staph. 
aureus, however, is much less readily inhibited by the corresponding branched chain 
dialkyl compounds, although Str. faecalis is as sensitive to these as to the straight- 
chain pteridines. 

Three of the compounds (0/154, 0/58, and 0/63) tested by us were among those 
examined by Daniel et al. (1947). Two of them (0/58 and 0/63) were also studied 
by Swendseid et al. (1949), using Str. faecalis. In agreement with these authors we 
found 0/154 and 0/58 relatively less active than 0/63. We did not find 0/63, how- 
ever, as active as might have been expected from previously published results. A 
sample of this pteridine, kindly supplied by Dr. Cain, gave similar results in our 
hands to that prepared by Campbell, Dunsmuir, and Fitzgerald. When compared 
directly against Str. faecalis, 0/63 appears to possess about the same activity as 0/69, 
although we previously thought 0/63 to be the more active, on the basis of an indirect 
comparison (see Collier and Waterhouse, 1950b). 

In some of the experiments performed, we found that strains of Str. faecalis 
requiring preformed PGA, or its equivalent, were more readily inhibited by diamino- 
pteridines than those not requiring PGA. The addition of sulphathiazole to the 
medium greatly increases the sensitiveness to diaminopteridines of the strains capable 
of synthesizing PGA. This observation agrees with that of Daniel and Norris (1947). 
The effect of sulphathiazole might be attributed to its blocking 4-hydroxypteridine 
synthesis, which has been described by Lampen and Jones (1947) and by Nimmo- 
Smith, Lascelles, and Woods (1948) in various organisms. 

Experiments showed that a quarter of an hour after intraperitoneal inoculation 
of suspensions of Staph. aureus into mice, bacteria could be recovered from the heart 
blood. We can therefore regard those experiments described above, in which drugs 
were administered intraperitoneally to mice half an hour after infective inoculation, 
as tests of therapeutic activity. In these experiments the therapeutic index of the 
dibenzyl compound, calculated as the ratio of the maximum tolerated dose to the 
minimum dose effective in prolonging life, exceeds 20, while the index of the 
pteridine-sulphonamide mixture exceeds 60. From the therapeutic point of view 
the marked synergism between this pteridine and sulphathiazole in vivo may be 
important. Since sulphonamides are established chemotherapeutic remedies, it seems 
practical to regard the antibacterial pteridines as potentiators of sulphonamides. 
In this role the pteridines may be able to bring within the scope of sulphonamide 
therapy infections that have responded poorly or not at all to sulphonamides alone. 

From the clinical point of view, the above results suggest the possibility of using 
appropriate 2: 4-diaminopteridines for the treatment of infections of man with 
bacteria such as Str. faecalis (Moat) that are not able to synthesize PGA. They 
also suggest that a mixture of pteridine and sulphonamide might be valuable for 
treating infections with bacteria that can synthesize PGA and that normally do not 
respond to sulphonamides, such as Str. faecalis (Blandford and Kenwood) and Staph. 
aureus. 


SUMMARY 


1. The activities in vitro of twenty-seven 2 : 4-diaminopteridines against four 
strains of Str. faecalis are reported. Activity depends on substituents in the 6 and 7 
positions. Greatest activity is shown in the dialkyl compounds with straight or 
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branched chains containing three to six carbon atoms. Equivalent activity is 
exhibited by the dibenzyl compound and by one N-methylindolo compound. 


2. All the compounds studied showed higher activity against strains requiring 
preformed pteroylglutamic acid than against strains able to synthesize this nutrient. 


3. Sulphathiazole potentiates the inhibitory effect of 2 : 4-diamino-6 : 7-dibenzyl- 
pteridine upon strains of Str. faecalis not requiring pteroylglutamic acid. 


4. Five per cent (v/v) human urine does not appear to antagonize the inhibitory 
effect of dibenzylpteridine on Str. faecalis ; 5 per cent oxalated horse blood may exert 
slight antagonism. 


5. The activities in vitro of eighteen 2 : 4-diaminopteridines against a strain of 
Staph. aureus are reported. Activity is greatest in the dibenzyl and dicyclohexyl- 
methyl compounds and in the 6: 7-dialkyl compounds when the side-chains are un- 
branched. In the di-n-alkyl series peak activity occurs in the di-n-butyl and di-n-amyl 
compounds. 


6. Dibenzylpteridine salts, administered intraperitoneally to mice, exhibit toxicity 
similar to that of sulphathiazole. All mice tolerated 2.0 g. of either drug per kg. 


7. Single doses of dibenzylpteridine phosphate, given by mouth or intraperi- 
toneally after infective inoculation, prolonged the lives of mice infected with Staph. 
aureus. 


8. Dibenzylpteridine phosphate acts synergistically with sulphathiazole both in 
vitro and in protecting mice against infections of Staph. aureus. 


We would like to thank Misses M. Boothroyd, M. P. Hatton, B. Messham, and Mr. 
G. K. A. Smith for technical assistance. We are indebted to Professor G. A. H. Buttle 
and Dr. H. Proom for dried cultures of Staph. aureus (CN 491); to Professor L. P. 
Garrod for pathogenic strains of Str. faecalis ; to Dr. D. D. Woods for L. casei (ACTC 
7469) ; to Dr. C. K. Cain for a specimen of 2 : 4-diamino-6 : 7-diphenylpteridine ; and to 
Lederle Laboratories for supplies of 4-aminopteroylglutamic acid and synthetic citro- 
vorum factor (“ Leucovorin”’). We are also indebted to the directors of Messrs. Allen 
and Hanburys, Ltd., for permission to publish this work. 
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The polymyxins are a group of polypeptide antibiotics produced by many strains 
of a widely distributed soil organism, Bacillus polymyxa. Benedict and Langlykke 
(1947) were the first to report the antibacterial properties of cultures of a strain of 
this bacillus. Ainsworth, Brown, and Brownlee (1947) isolated an antibiotic from 
an organism identified as Bacillus aerosporus, which was later found to be synony- 
mous with B. polymyxa. This antibiotic was then called “ Aerosporin,” but is now 
known as polymyxin A. Simultaneously Stansly, Shepherd, and White (1947) des- 
cribed an antibiotic produced by another strain of B. polymyxa which they named 
“ polymyxin,” but which is now known as polymyxin D. 

The chemotherapeutic properties and pharmacology of polymyxin A were des- 
cribed by Brownlee and Bushby (1948), and the similarities and points of difference 
between polymyxins A and D and a third antibiotic, polymyxin B isolated in our 
laboratories, were debated in a symposium at the New York Academy of Sciences 
in May, 1948 (Brownlee, Bushby, and Short, 1949; White, Alverson, Baker, and 
Jackson, 1949). 

Swift (1948) drew attention to the effect of polymyxin A in early cases of pertussis, 
and Long, Schoenbach, Bliss, Chandler, and Bryer (1949) found polymyxin D to be 
an effective therapeutic agent in infections in man by Pseudomonas aeruginosa, 
Klebsiella pneumoniae, Haemophilus pertussis, Haemophilus influenzae, and Escher- 
ichia coli. However, the purest available samples of both these antibiotics, when 
administered parenterally in man and animals, caused severe proteinuria. The 
lesions in the kidneys of animals were restricted to the first convoluted tubules, and 
Brownlee and Short (1948) showed that they could be minimized in dogs and rats 
by the simultaneous administration of DL-methionine or S-methylcysteine. Efforts 
were made to eliminate the toxic factor of polymyxin A by further purification. 
These failed, but the examination of a large series of freshly isolated strains and the 
search for mutants resulted in the selection of organisms yielding additional anti- 
biotics with similar chemotherapeutic actions, but differing in chemical constitution 
and pharmacological properties. It was at this stage that agreement was reached 
that polymyxin should be the generic name of all these antibiotics (Brownlee and 
Stansly, 1949). The new antibiotics isolated in our laboratories were named poly- 
myxins C and E. 

The identification of these various substances as separate entities depended 
chiefly upon chemical investigations by a number of workers. In addition to a 
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fatty acid present in all the polymyxins, which was shown by Wilkinson (1949) to be 
d-6-methyloctan-l-oic acid, the amino-acids present in their hydrolysates were as 
follows : polymyxin A contained p-leucine, L-threonine, and L-ay-diaminobutyric 
acid (Jones, 1948a and b; Catch and Jones, 1948 ; Catch, Jones, and Wilkinson, 
1948) ; polymyxin B contained all these amino-acids and in addition D-phenylalanine 
(Jones, 1949 ; Catch, Jones, and Wilkinson, 1949) ; polymyxin C differed from poly- 
myxin B in not containing leucine (Jones, 1949) ; polymyxin D contained the same 
amino-acids as polymyxin A with D-serine in addition (Jones, 1949; Bell, Bone, 
English, Fellows, Howard, Rogers, Shepherd, Winterbottom, Dornbush, Kuschner, 
and SubbaRow, 1949), and polymyxin E contained the same amino-acids as poly- 
myxin A, but the intact antibiotics could be readily separated by paper chroma- 
tography (Jones, 1948c). 


In vitro antibacterial spectra 


The minimal concentrations of polymyxins A, B, C, D, and E, which inhibit the 
growth of large inocula of genera of bacteria observed by streaking 18-hour broth 
cultures on 2 per cent blood-agar containing twofold increasing concentrations of the 
antibiotics, are not significantly different. 

The polymyxins may be estimated by a dilution method, or by a plate diffusion 
test by comparison with a reference standard of the identical polymyxin. Both 
methods are in use and are equally accurate. The diffusion method has been des- 
cribed by Benedict and Stodola (1948), who used Brucella bronchiseptica as a test 
organism, and by Stansly (1949) and Thorp and Stewart (1949). The activities of 
samples of polymyxin A were originally compared with a standard sample given a 
value in arbitrary units per mg. The purest samples of polymyxin A had approxi- 
mately 10,000 of these units per mg. The samples of polymyxin D used in these inves- 
tigations were about 50 per cent pure, and when assayed against the polymyxin A 
standard contained approximately 5,000 units per mg. With polymyxins B and E 
separate reference standards were set up by comparison with the reference standard 
of A, and the purest samples of these antibiotics were also found to have a value 
of approximately 10,000 units per mg. Polymyxin C was never isolated in large 
quantities, and has been assayed only against the polymyxin A standard. In the 
investigations reported here the value of the unit can be regarded as the same for all 
these antibiotics. 


A more accurate method of comparison, not applicable to slow-growing 
organisms, is that of adding large inocula to nutrient broth containing concentrations 
of polymyxin, which are varied by two-third or four-fifth increments, and observing 
growth after incubation for four to seven hours. By this means a clean bactericidal 
end-point is achieved, and the confusion, caused by small numbers of survivors 
multiplying after 24 hours, is avoided. A comparison of the activity of 
polymyxin A, B, and E against suitable strains is made in Table I, in which the 
intrinsic efficiencies are expressed in terms of polymyxin A. It is apparent that, 
within the limits of experimental error, the intrinsic activities of the three antibiotics 
against these three organisms tested are identical. 


That the efficiency of the polymyxins is related to the concentration of organisms 
may be shown by observing the antibacterial effect of graded doses of the polymyxins 
upon inocula of Salmonella typhosa of varying size. With tests made in nutrient 
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TABLE I 


COMPARISON OF THE ANTIBACTERIAL ACTIVITY OF POLYMYXINS A, B, AND E AGAINST LARGE 
INOCULA OF QUICK-GROWING GENERA 


The activity (A) of B and E is expressed in terms of A. The standard deviation (S.D.) 
and the number of observations () are given 














Polymyxin | Escherichia coli | Salmonella typhosa Shigella paradysenteriae 
| A S.D. n A SB. n A SB. n 
A (100%) (100%) (100%) 
B 100% Pl 6 93% 38 3 96% 22 4 
E 100% 19 6 103% 16 6 104% 21 4 








broth* polymyxins A and C are most, and polymyxin D is least, affected by the size 
of the inoculum, whilst B and E are intermediate. 

Polymyxin A was shown to be bactericidal and never merely bacteriostatic 
(Brownlee and Bushby, 1948). The organisms do not have to be actively multiplying 
in order to be susceptible and they are affected both in water and in broth. It was 
also shown that the presence of serum modified slightly the effective lethal concen- 
trations of polymyxin A and reduced the bactericidal rate. Polymyxins B and E 
behave in exactly the same way. When a constant.inoculum is used the number of 
organisms killed by the antibiotics depends on the concentration. 


In vivo antibacterial activity 


Polymyxin A has been previously shown (Brownlee and Bushby, 1948) to be 
more effective weight for weight than streptomycin in protecting groups of mice 
against experimental infections caused by S. typhosa, Esch. coli, H. pertussis, Br. 
bronchiseptica, and to be equally effective in infections caused by. H. influenzae and 
Ps. aeruginosa. The present comparisons with polymyxins A, B, C, D, and E are 
restricted to chemotherapeutic experiments with S. typhosa and H. pertussis in mice. 

S. typhosa.—Mice were infected intraperitoneally with 0.5 ml. of a suspension of 
Rawling’s strain, containing 10,000 average lethal doses, in 5 per cent mucin. This caused 
such an overwhelming infection that the untreated mice were either ill or dead within six 
hours, and all were dead within 18 hours. . 

H. pertussis—The infecting agent was the mouse-passaged strain of Kendrick, 
Eldering, Dixon, and Misner (1947). A broth suspension containing 10’ organisms per 
ml. was washed from a 48-hour culture on Bordet-Gengou medium. Of this a dose of 
0.05 ml. containing about 10,000 average lethal doses, injected intracerebrally, caused 
death within four to nine days. 

In both experiments the drugs were administered immediately after infection and 
again six hours later on the first day ; during the subsequent days injections were 
given at 9 a.m. and 5 p.m. Typical protocols illustrating the protection by five poly- 
myxins for S. typhosa and H. pertussis are shown in Table II. Against S. typhosa 
all the polymyxins appear to be equally active chemotherapeutically, but against 
H. pertussis polymyxin D is only about half as active as the other forms. 





* An aqueous extract of horse muscle, to which sodium chloride was added together with papain 
digest of horse muscle and adjusted to pH 7.4. Nutrical agar was made by the addition of 1.2% 
New Zealand agar. 
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TABLE II 


COMPARATIVE EFFICIENCY OF FIVE POLYMYXINS IN PROTECTING MICE AGAINST S. typhosa AND 
H. pertussis 











Organism and Dose in Percentage survival with polymyxins 
conditions units 
A B ¢ D E 
S. typhosa 
Groups of ten mice dosed 1,000 100 90 100 |. 100 100 
twice daily for four days* 500 80 90 100 100 100 
250 80 40 90 80 30 





H. pertussis 


Groups of 8-10 mice dosed 1,000 — —_ — 100 — 
twice daily for three daysf 500 100 100 100 37 80 
250 70 90 90 —_— 60 























* Mice observed for seven days. All control mice died on the first day. 
+ Mice observed for 14 days. All control mice died on the eighth day. 


A bsorption.—In these studies we have confined our attention to polymyxins A, 
B, and E. Polymyxin D was not available in sufficient amount, and polymyxin C 
was early observed to possess high renal toxicity and therefore was of no further 
interest. 

For the determination of blood levels the serial dilution test of Brownlee and 
Bushby (1948) was employed, | per cent glucose phenol red broth containing 25 per 
cent (v/v) human or horse serum being used and either Shigella paradysenteriae or 
Esch. coli as test organism. 

Since the minimal inhibitory concentration of polymyxin varies with the amount 
of serum, a uniform final serum concentration is aimed at by making the first dilution 
of the test serum in broth containing no serum. Minimal concentrations of poly- 
myxin may be detected by keeping the inoculum of the test organism small ; a suit- 
able inoculum is that which corresponds to a final dilution of 10°° of a 24-hour broth 
culture. So that a high concentration of the test serum shall not inhibit the small 
inoculum by reason of its antibacterial properties, the test serum is first heated for 
20 min. at 56° C. to inactivate complement. Read after 18 hours’ incubation at 
37° C., this test detects approximately 2 units per ml. of polymyxin with Shig. para- 
dysenteriae or 4 units per ml. with Esch. coli. Because the end-point varies with the 
size of the inoculum, serum containing a known amount of polymyxin must be 
assayed with each set of assays. It is convenient io add penicillin 0.5 I.U./ml. to 
the medium in order to inhibit Gram-positive contaminants. 


Oral administration—The polymyxins (A, B, and E) are not readily absorbed 
from the alimentary tract except in the newborn. Rabbits given 100,000 u. per 
kg., twice daily, dogs given 500,000 u. per kg., twice daily, and man given 1 mega 
unit every four hours, show no detectable antibiotic in the blood. Very large oral 
doses (300,000 units) are, however, lethal to mice in which the LDSO is approxi- 
mately 10 mega units per kg. and the blood concentration at death about 150 u. 
per ml. 

The alimentary tract of the newborn is more permeable. Thus seven guinea- 
pigs, less than 24 hours old, given 100,000 units of polymyxin B orally had 
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blood concentrations of 8 to 64 units per ml. two hours later, whereas the blood 
of control adult guinea-pigs given 1 mega unit contained no detectable antibiotic. 
In bovines the antibiotic in doses of 5 or 10 mega units is absorbed, provided it is 
given within the first forty-eight hours of life. Animals less than twelve hours old, 
after a single dose of polymyxin E, have detectable blood concentrations for ten to 
twenty hours. In general, animals which did not absorb polymyxin also failed to 
absorb lamb dysentery antiserum (Clostridium welchii type B antiserum) given 
simultaneously by mouth in a dose of 70,000 units. (For these titrations we are 
indebted to our colleagues, Mr. A. Thomson, M.R.C.V.S., and Miss Helen E. Ross, 
B.Sc.) 

Only a small proportion of an oral dose can be recovered from the faeces in 
biologically active form. For example, Table III gives the concentrations of poly- 
myxins A, B, and E detected in the faeces of rabbits given 100,000 units per kg. twice 
daily by mouth. The diet consisted of bran, sugar-beet pulp, and cabbage. The 
undried faeces were weighed, suspended in phosphate buffer of pH 4 in a concen- 
tration of 1 g. per 10 ml., adjusted to pH 4 if necessary, and heated to 100° C. for 
20 min. This treatment kills the vegetative forms, but does not inactivate the 
antibiotic. The concentration of polymyxin was assayed in the clear supernatant 
after centrifugation. 


TABLE III 


THE EFFECT OF THE ORAL ADMINISTRATION OF POLYMYXINS A, B, AND E ON THE BACTERIAL 
FLORA IN THE FAECES OF RABBITS 

















Polymyxin A | Polymyxin B | Polymyxin E 
No. bacteria | No. bacteria in | | No. bacteria 
in millions | | millions | | in millions 
Poly- per g. | Poly- per g. | Poly- | per g. 
ie }———.......—| ae — ee —- 
concn. Poly- | concn. | Poly- | concn. | | Poly- 
u./g. myxin u./g. ; myxin u /g. | | myxin 
| Total | insen- | | Total | insen- | Total | insen- 
| sitive sitive | | sitive 
Before treat- | | 
ment .. <10 2.4 0.8 | <10 | 0.24 | 0.08 | < 10 | 0.5 | 0.1 
Istday .. <10 0.16 0.03 | <10 | 0.05 0.05 | <10 0.08 | 0.01 
2nd day .. 320 0.06 0.08 | 320 | 0.04 0.035 | 640 | 0.04 |< 0.001 
3rd day .. 640 0.06 0.03 | 1,280 | 0.08 0.06 | 1,280 0.004 | <0.001 











In Table III the effects on the aerobic bacterial flora of the faeces are also 
shown. Viable counts were made of the total aerobes and of those insensitive to 
100 units per ml. of polymyxin. The three polymyxins greatly diminish the total 
number of viable organisms, as well as that of organisms “ insensitive ” to polymyxin. 
By the third day of treatment no Esch. coli could be grown from 0.01 g. of faeces. 

Similarly in adult man | mega unit of polymyxin B or E administered four- 
hourly eliminates Esch. coli from the faeces, as shown by directly plating one loopful 
on to nutrient agar. A four-hourly dose of 20,000 units/kg. in infants has the same 
effect. 
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Estimates of polymyxins A, B, and E in blood cells and plasma from rabbits, 
dogs, and man, given the antibiotics parenterally an hour earlier, showed that the 


polymyxins remained in the plasma and did not enter the cells. 


After a single subcutaneous or intramuscular injection the polymyxins readily 
enter the blood stream, and are lost at about the same rate as other antibiotics such 
as penicillin or streptomycin. In Table IV are set out the blood levels in nine 












































TABLE IV 
BLOOD LEVELS OF POLYMYXINS A, B, AND E IN RABBITS AND DOGS AFTER INTRAMUSCULAR 
ADMINISTRATION 
RABBITS 
Concentrations in units per ml. for doses 
Time in | ————___—__—_ ae 
hours 40,000 20,000 | 10,000 
u./kg. u./kg. u./kg. 
ae a So = a 
Polymyxin A 0.5 | 76 76 24 20 5 10 
1.0 | 19 38 24 20 5 10 
2.0 19 38 12 10 2.5 10 
3.0 aon 19 12 os 2.5 5 
4.0 _ - 6 5 <2.5 <2.4 
5.0 5 5 3 2.5 “a ae 
6.0 “a3 mn <1.5 <2.5 | _ 
Polymyxin B | 0.5 19 26 24 10 10 13 
| 1.0 19 20 24 10 10 13 
| 2.9 5 10 12 5 2.5 9 
| 3.0 | 5 10 6 5 <2.5 6.5 
| 4.0 | 2.5 ts 6 5 pits 6.5 
| 5.0 | 5 3 2.5 ae 1.5 
6.0 | <2.5 <2.5 1.5 <2.5 — 1.5 
Polymyxin E 0.5 | 40 70 12 10 5 13 
| 1.0 | 20 35 12 5 5 13 
| 2.0 20 35 12 5 2.5 3 
.. Se | 5 10 6 5 2'5 1.5 
| 4.0 _ 10 3 2.5 | <2.5 1.5 
5.0 5 ua 1.5 2.5 don 1.5 
6.0 | <2.5 5 <1.5 <2.5 soe 1.5 
| 
DOGS 
Concentrations in units per ml. for 
Time in = = eietre eats see ee a aS ee, ran 
hours Polymyxin A Polymyxin B Polymyxin E 
10,000 u./kg. | 10,000 u. kg. 10,000 u./kg. 
0.5 | 32 16 én 3 ¢ @3 —— 5 
1.0 16 16 10 | 8 8 4 5 25 5 5 2.5 
2.0 16 8 ~~ | « 2 4 5 — £ 2 Se 
3.0 4 8 5 2 > + a 3 4 2.5 
4.0 4 2 2.5 2 7 <2? 35 <2 oe; oo 
5.0 <2 <3 -~ be ae oe oi tae Sat 
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pairs of rabbits for six hours after the intramuscular injection of various doses of 
polymyxins A, B, and E. The rabbits show a good deal of individual variation, but 
measurable blood levels persist for from four to six hours. When the polymyxins 
are given intravenously in a dose of 10,000 units disappearance from the blood 
stream is much more rapid. With polymyxin A the levels in one rabbit were, at 
5 min., 30 min., and one hour, 20, 5, and 2.5 units, and no antibiotic could 
be detected after two hours. With polymyxins B and E disappearance was a 
little less rapid, detectable levels being observed at the third, but not at the fourth, 
hour. Some results in dogs after a single intramuscular dose of 10,000 units per 
kg. are also set out in the Table. The blood levels tended to be higher after poly- 
myxin A than after polymyxins B and E. Generally detectable blood levels could 
not be found after the fourth hour. 

It is of some interest to note the effect on the blood level of intramuscular 
administration repeated four-hourly in comparison with that of single doses in man. 
For example, in an adult one hour after the first dose of 250,000 units of polymyxin 
E the blood level was less than 2.4 u./ml. One hour after the second dose on the 
third day of treatment the blood level was 2.4 u./ml., and on the fifth day it had 
reached 4.8 u./ml. In another adult treated similarly the level one hour after the 
first dose was 1.2 u./ml., and after the second dose on the fourth day it was 9.6 u./ml. 
After repeated dosage in man levels as high as 26 u./ml. have been observed. 

High levels have been noted in children from 6 to 12 years of age, in whom 
a single dose of 500,000 units has been introduced at operation into the peritoneum 
for prophylaxis. Half an hour after this treatment blood levels ranging from 6 to 
33 units per ml. have been observed. We are indebted to Mr. C. L. Cookson, of 
Farnborough Hospital, for the opportunity of making these observations. 

It is important to note that after the administration of polymyxin E these high 
levels have not been found to be associated with any toxic signs or symptoms. 

After a single intramuscular injection only small fractions of the antibiotic are 
excreted in the urine in a biologically active form. In dogs after a single dose of 
10,000 units of polymyxin B per kg. the percentage excreted in the urine in 24 hours 
was 0.3 + 0.08 per cent (9 observations), and after a corresponding dose of polymyxin 
E it was 0.8+0.6 per cent (36 observations). After a similar dose of polymyxin A 
2.4+2.1 per cent (9 observations) was excreted. As will be seen later, this difference 
is related to the nephrotoxic action of polymyxin A. 

The small quantity of polymyxin excreted in the urine led to the examination of 
other possible routes of excretion. Brownlee and Bushby (1948) were unable to 
detect any excretion of polymyxin A in the bile. This was shown to be true also of 
polymyxins B and E. For example, a dog of 8 kg. was anaesthetized with sodium 
pentobarbital, the common bile duct was cannulated, and the cystic duct clamped. 
After a dose of 20,000 units per kg. intramuscularly blood concentrations reached 
39 units per ml. at 0.5 hr. and 26 units per ml. at 2.5 hr. After 2.5 hr. the dose 
was repeated intravenously, giving blood concentrations of 64 units per ml. 5 min. 
after injection, and 20 units per ml. two hours later, but no polymyxin was detected 
at any time in the bile. 

Polymyxin A, B, or E could not be detected in the cerebrospinal fluid of rabbits at 
intervals of one hour, two hours, and four hours after the subcutaneous injections 


of 10,000 units per kg. 
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Intracisternal administration 

Polymyxins A, B, and E, injected under light ether anaesthesia into the cisterna 
magna of rabbits weighing about 3 kg., generally gave detectable levels in the cere- 
brospinal fluid for at least six hours. The animals were again lightly anaesthetized 
for the withdrawal of test samples. Typical protocols are given in Table V. 


TABLE V 


UNITS OF POLYMYXIN FOUND IN THE CEREBROSPINAL FLUID AFTER INTRACISTERNAL INJECTION 
OF 1,000 UNITS IN RABBITS 





C.S.F. concentration in units per ml. 
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| Lhe. 2 hr. 3hr. | 4hr. — 6hr. =| 24hr. 
A 38 ae 10 2.4 <2.4 -— 
-_ 38 nd 4'8 4.8 a 
4 0¢6/; ue 8.0 8.0 1 
B 1 “a |) 4.8 2.4 <2.4 
aa a ae 2'4 <1.2 ian 
E 16 es 10 10 4.8 2.4 
Toxicity 


Acute toxicity determinations 

Mice.—The acute toxicity to intravenous and intraperitoneal injection of poly- 
myxins A, B, C, D, and E was studied in groups of six mice weighing 18-20 g. The 
toxic signs are similar except for the slower recovery of animals given near-lethal 
amounts of polymyxin D. Toxic doses cause immediate signs of pallor of the ears 
and pads, muscular incoordination, and respiratory distress. Occasional strychnine- 
like convulsions are seen, followed by complete flaccidity of skeletal muscle with 
dyspnoea interrupted by gasping respiration. Death from asphyxia occurs in 3 or 
4 min. In animals which recover from barely sub-lethal doses, the curare-like 
effect on muscle is more evident, and gives way to a phase of vasodilatation and 
ultimate recovery. All the polymyxins have acute toxicities of the same order. By 
the intravenous route the LDSO ranges from 60,000 to 90,000 units per kg,, whilst 
by the intraperitoneal route the range is from 140,000 to 280,000 units per kg. 

Rabbits.—Acute toxicity observations in the rabbit have been limited to poly- 
myxin E, whose LDSO, intravenously, is similar to that for mice, being approximately 
70,000 units per kg. The toxic signs are also similar. 

Dogs.—No attempt has been made to determine the LDSO in dogs. Injected 
subcutaneously with 60,000 units per kg., or intravenously with 30,000 units per kg. 
of polymyxin E, dogs show no toxic signs. On the other hand, 30,000 units per kg. 
of polymyxin B intravenously in two animals caused some immediate distress, but 
the pulse and respiration remained normal and recovery was rapid. 


Antidiuretic effect 


Polymyxins A, B, C, D, and E all show an antidiuretic effect in rats. Estimates 
of the delayed urinary excretion after administration of 50 ml./kg. of water show 


M 
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that the effect is similar with all the polymyxins and is absolute for four to six hours 
with a single subcutaneous injection of 100,000 units per kg. With lower doses the 
effect is less complete ; with a dose of 50,000 units per kg. the time for maximal 
excretion rate is 180-330 min., compared with 80 min. for a control group 
of rats given saline. This effect is about twice that seen with 0.12 units per kg. of 
posterior pituitary. 

The time for the maximal excretion rate to be reached after a single subcutaneous 
injection of 250 mg. per kg. of streptomycin is 120-180 min. 


Renal toxicity 

Observations in rats —A careful comparison of the nephrotoxic properties of 
polymyxins A, B, C, D, and E has been made by estimating the total protein excreted 
in the urine by groups of four Wistar rats during 72 hours after the subcutaneous 
injection of a single dose of 10,000 units per 100 g. body weight. In Table VI the 


TABLE VI 
THE EXCRETION OF PROTEIN IN THE URINE OF RATS 
Single subcutaneous injections of 10,000 units polymyxins A, B, C, D, and E per 100 g. 





Mean weight protein excreted (mg./100 g.) in groups of four rats 


























Polymyxin — 
Standard 
Test polymyxin A Control 
—.- a ~ = % 37.0 TC  —— 
40.1 52.0 9.1 
46.5 52.0 9.1 
| 29.8 52.0 | 9.1 
B60OCl|ltt‘(é‘ié‘“#OOOUU}©€UOUO~OOBTO | 19 
| 3.2 | 45.0 12.7 
9.6 27.8 7.5 
9.2 27.8 7.5 
EE LL aa ae 
40.3 57.7 | 11.5 
57.9 57.7 11.5 
D 43.5 " 51.5 — c ae 
49.0 | 36.5 6.0 
E | 73 | 19 
7.4 37.0 | 7.9 
3.2 | 28.1 2.8 
7.1 28.1 ; 2.8 





mean weight of protein excreted per 100 g. body weight for each group of four 
rats is given in comparison with that after the administration of a corresponding 
dose of standard polymyxin A in other groups of four rats and with the excretion 
in control groups of rats receiving a saline injection only. The normal rat in captivity 
regularly appears to excrete some protein in the urine, and the polymyxins A, C, and 
D caused a striking increase in the degree of proteinuria, whereas polymyxins B 
and E caused no appreciable increase in the protein excreted. 
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Observations in rabbits—Rabbits given 30,000 units per kg. of polymyxin B or 
E by subcutaneous injection daily for five days show no significant increase in protein- 
uria (Table VII). Those given corresponding doses of polymyxin A showed a peak 
excretion of protein at 24-48 hr. Microscopical examination of the urine from the 
rabbits which received polymyxin B showed no casts and only an occasional renal 
cell, but after polymyxin A the urine contained both renal cells and casts at the 24 
and 48 hr. periods, and renal cells at 48 and 72 hr. 


TABLE Vil 
THE EXCRETION OF PROTEIN IN THE URINE OF RABBITS 









































spake n ike. Weight of protein in mg. excreted in urine in 24 hr. period 
s.c. daily for sie _ 
five days Day 0 | Day | Day 2 | Day 3 Day 4 Day 5 

A 9 40 iss | s78 me ae 

0 0 310 200 26 38 

B | 18 15 0 13 sa - 

0 0 0 12 5 0 

0 0 | 18 3 8 63 

E | 4 4 2 3 ; 

8 8 5 16 9 3 

14 9 3 2 | 8 1 

~ Control | 20 8 0 oe | — _ 

10 0 0 0 | 3 oe 

| 2 | 2 1 17 | 2 10 














The kidneys of rabbits given polymyxin A, examined histologically, showed con- 
gestion and stripping of the epithelium of many tubules with disintegration of the 
cells of Henle’s loops, whereas the kidneys of those given polymyxin B and E were 
either normal or showed only slight cloudy swelling of some secretory tubules. 


Observations in dogs.——In dogs the concentration of protein in the urine was 
determined daily before and during five days after treatment with polymyxin A, B, 
and E. Each antibiotic was given subcutaneously in a dose of 10,000 units per kg. 
four times daily for three days. The results are set out in Table VIII. It will be 
noted that the urine was in all cases free from protein before treatment with poly- 
myxin and that polymyxin A caused a substantial proteinuria, particularly on the 
second and third days, which continued, though diminished in degree, for two days 
after the cessation of treatment. Treatment with polymyxin B caused only a rela- 
tively slight degree of proteinuria, whereas after polymyxin E the proteinuria, though 
detectable, was barely significant. 

Microscopical examination of the urine after polymyxin A showed many renal 
cells and occasional casts, whereas after polymyxin B and E either no renal cells, or 
at most only occasional ones, were seen. 

The kidneys of dogs treated with polymyxin A, when examined histologically, 
showed severe acute changes ; the tubular epithelium was seen in all stages of dis- 
integration, and many granular hyaline and cellular casts were found in the tubules. 


* 
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TABLE VIII 
A COMPARISON OF THE NEPHROTOXIC ACTION OF POLYMYXINS A, B, AND E IN DOGS 
The doses were 10,000 units kg. given four times daily for three days 





Concentration of protein in urine (g./1.) 
































Polymyxin § |— S$ — 
0 day 1 day 2 days 3 days | 4 days 5 days 

A 0 0.1 2.6 4.4 | 08 — 
| 0 0.1 3.7 10 =| SOS 0.25 

0 0.8 2.5 1.4 ue “ne 

| 0 0.3 1.8 2.6 1.0 1.0 

| 0 0.1 1.4 1.6 0.5 0.7 
B 0 0.3 0.3 0.06 0.08 0.08 
0 0.15 0.14 0.12 an — 

0 0.10 0.10 0.12 _ — 

0 | 0.12 0.14 0.20 0.23 0.08 
0 0.00 0.05 0.02 0.80 0.40 
0 0.60 0.50 | 0.10 0.40 0.30 

E 0 0 0.04 | 0.03 0.04 0.08 
0 0 0.04 0.01 0.02 0.08 

0 0 0.04 0.02 0.06 0.00 

0 0 | 0.02 0.00 0.04 0.00 

! 














The kidneys of dogs treated with polymyxins B and E showed at most only slight 
hyaline droplet degeneration of convoluted tubular epithelium. As will be seen 
later from the results of chronic toxicity tests with polymyxin E, even with this anti- 
biotic whose nephrotoxic action is minimal, there was some evidence of tubular 
damage in dogs treated for prolonged periods with large daily doses. 


Excretion of the polymyxins in the urine 

There is a relation between the excretion of protein caused by the nephrotoxic 
action of polymyxin A in dogs and the leakage of the antibiotic into the urine 
(Brownlee, Bushby, and Short, 1949). 

In Table TX are shown the concentrations of the antibiotics in units per ml. in 
plasma and urine, and the protein excreted in grammes per litre during and after 
treatment for three days with 10,000 units per kg. of polymyxins A and E four times 
daily. After polymyxin E the levels in the plasma are not so high and those in the 
urine are much lower than after polymyxin A. Despite the small amounts of anti- 
biotics excreted they appear to be efficient in overcoming urinary infection by 
organisms susceptible to their action. 


Vascular effects 

The early samples of polymyxins B and E contained histamine-like substances 
which were removed by further purification. When this activity had been eliminated, 
even the purest samples, when injected intravenously in a dose of 10,000 u./kg. in 
dogs anaesthetized with sodium pentobarbital, sometimes had a vasodepressant 
action. The effect when most pronounced was a fall of 40 mm. Hg, requiring some 
20 min. to recover. Repeated doses in sensitive animals caused diminishing 
responses. The response was not abolished by full atropinization, nor was it related 
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TABLE IX 
NEPHROTOXIC ACTION AND RENAL EXCRETION OF POLYMYXINS A AND E IN DOGS 


Dosage: 10,000 units per kg. four times daily for three days. P = units per ml. 
plasma. Uu = units per ml. urine. Up g. protein per |. urine. 









































. Polymyxin Day of treatment Day after treatment 
Polymyxin u./ml. 
Protein _——27$ $$$ $$ _________ ——- 
| g./l. 1 | 2 | 3 | ! 2 | 3 
A a “.* fe t s&s = ££ x mn = 

Uu y 106 213 106 53 26 

Up 0 0.1 Wy 0.7 0.5 0.25 

| P 4 16 8 a — 
Uu 3 56 106 426 — -= 
Up 0 0.75 2.5 1.4 — —— 
a 24 3 6 —_ _ ae 
Uu 3 3 Zt 106 2.6 7.0 
Up 0 0.25 1.8 2.6 1.0 0.8 

be a a vena = om _ _ 
Uu | Zz Z I 1 <t} 
Up 0 0.04 0.04 | 0.3 0.1 0.5 
P 4.8 _ a | _ _ _ 
Uu 4 8 4 2 ps 2 
Up 0 0.1 0.04 0.08 0.1 0.2 
P 2.4 — — — — — 
Uu 4 8 2 I 4 1 
Up | O 0.03 0.01 0.04 0 
P | 2.4 _ i _ on _ 
Uu | 16 8 4 <1 + <I 
Up | O 0.04 | 0.02 0.06 0 0 
| { 











to sensitivity to injected histamine. The polymyxins in similar dosage had variable 
but less pronounced action in both cats and rabbits. 

Apparently this vasodepressant activity was not an obvious side-effect in man, 
because in the treatment of typhoid carriers in 1948 Dr. C. Knight McDonald gave 
hourly injections of 2,000 u./kg. intravenously without producing any symptoms 
suggestive of a fall in blood pressure. 


Effects on temperature 


A rise of temperature is seen in animals after the injection of polymyxin B 
(Brownlee, Bushby, and Short, 1949). This has been observed both in rabbits and in 
dogs. Rabbits were given three injections of 10,000 units per kg. subcutaneously of 
polymyxin A, B, or E on successive days, and the mean temperatures of groups of 
six animals were recorded several times daily. Only after polymyxin B was there 
any significant deviation from the normal. Mean afternoon temperatures on the 
second and third days were raised to 103.6+0.8° F., the mean normal temperature 
being 102.0+1.0° F. 
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A similar temperature effect, with some attendant malaise, was seen in dogs given 
polymyxin B, but not in those given polymyxins A or E, in doses of 10,000 u./kg., 
three times daily for three successive days. The afternoon temperature on the second 
and third days was 103.2+0.2° F., while the control dogs gave a figure of 
100.9+0.4° F. The range of normal temperatures in the dog is given by Hobday 
(1947) as 100-102° F. The examination of more recent batches of polymyxin B in 
comparison with polymyxin E has not shown any significant difference in their 
pyrexial effects. It would appear that these effects are not constant features in the 
reaction to polymyxin B. 


Local reactions 

The effects at the site of subcutaneous and intramuscular injections were studied 
in groups of rats given three injections on successive days of 20,000 units of poly- 
myxin A, B, or E, into the same area of approximately one inch square of shaved 
skin. Twenty-four hours after the last injection the animals were killed and the area 
of injection examined. Macroscopically the sites showed no reaction or only a 
mild inflammation with polymyxins A and E, whereas that with polymyxin B was 
severe and often oedematous. 

The histological evidence was confirmatory. Reactions caused by polymyxins 
A and E were mainly of a limited nature and involved damage to muscle, such as 
vacuolation, though occasionally there was a fibrinous exudate with polymorpho- 
nuclear leucocyte infiltration. In contrast polymyxin B caused severe destruction of 
muscle and connective tissue usually with necrosis. There was diffuse polymorpho- 
nuclear leucocyte infiltration, much fibrinous exudate, and severe oedema. In the 
course of chronic toxicity tests in dogs the daily subcutaneous injection for 21 days 
of 20,000 units per kg. of polymyxin E either caused no reaction at the site of injec- 
tion or at most slight inflammatory oedema. 


In vitro action on blood-cells 

A concentration of 1,000 units per ml. of polymyxin A or E had no toxic effect 
on human ‘leucocytes after four hours ; in a concentration of 10,000 units per ml. 
the cells were alive but sluggish, but control cells in serum buffer solution were also 
less active after four hours. A concentration of 100,000 units per ml. killed leuco- 
cytes in three hours. In parallel observations 1,000 units per ml. equivalent of 
streptomycin base killed leucocytes in 30 min., and 10,000 units per ml. of 
penicillin-sodium amorphous killed them in two hours. The method was that of Dr. 
C. G. Paine (Abraham et al., 1941). 

The polymyxins are not haemolytic ; with 1,250 units per ml. of A, B, or E there 
was no haemolysis of a 10 per cent suspension of human red cells in physiological 
saline after 24 hours at 20° C. 


Chronic toxicity tests of polymyxin E 

Observations in dogs—Two dogs received 20,000 units per kg. subcutaneously 
thrice daily for 21 days (except Saturdays when only two injections and Sundays 
when no injections were given), and two dogs were similarly treated with doses of 
10,000 units per kg. thrice daily. One of the dogs on the larger dosage (No. 33) was 
in poor condition at the beginning of the test and remained so throughout. The 
others exhibited no toxic signs. 
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Blood counts were made at four-day intervals and no changes were observed in 
the haemoglobin, red cell, reticulocyte, and total and differential leucocyte counts. 
Blood-sugar and urine estimations were made on alternate days; there were no 
changes in the blood-sugar and only Dog No. 33, noted above, showed a significant 
increase in blood-urea which before treatment on two days was 49 and 77 mg. per 
100 ml., and from the 10th to the 22nd day varied between 113 and 254mg. This dog 
also exhibited a significant proteinuria which, during the first week, ranged from 
0.03 to 0.2 g. per litre, and during the remainder of the experiment varied between 
0.8 and 2.0 g. per litre. The second animal on the larger dose (No. 34) exhibited a 
slight degree of proteinuria throughout, on only five occasions exceeding 0.18 g. 
per litre (0.2, 0.6, 0.3, 0.5, and 0.75), for the most part of the order of 0.03 g. per litre. 
The urines of the two dogs on the lower dosage (Nos. 35 and 36) were free of protein 
for much of the experiment. When present, except on one occasion when the level 
reached 0.8 g. per litre, the usual level was less than 0.02 g. per litre. This degree 
of proteinuria can hardly be regarded as significant, since untreated dogs exhibit 
proteinuria of this order from time to time. Their blood-urea levels showed no 
significant changes. 

The urea clearance (Table X) in the two dogs on the larger dose showed a definite 
fall on the 21st day, but there was no significant change in the clearance figures in the 
two dogs on the smaller dosage. 


TABLE X 
UREA CLEARANCE OF DOGS TREATED WITH POLYMYXIN E 





Volume of blood cleared of urea per minute = UV/B* 














Days 20,000 u. per kg. 3 times daily 10,000 u. per kg. 3 times daily 
for 21 days for 21 days 
dog33 | dog 34 _ dog 35 dog 36 
—2 13.1 19.2 12.6 14.4 
9 8.8 19.6 12.4 18.8 
16 2.43 | 16.7 9.4 16.9 
21 1.52 5.2 14.3 16.5 














*U = mg. urea per 100 ml. urine; V = ml. urine excreted per minute ; B = mg. urea per 100 ml. blood. 


The dogs were killed on the 22nd day and no macroscopic abnormalities were 
present. All the organs were submitted to Dr. David Trevan for histological study, 
but only the kidneys were abnormal. 

Dog No. 33 had a chronic interstitial nephritis, and while it is probable that the 
repeated doses of polymyxin caused some additional damage this was impossible to 
assess. The hyaline degeneration of the convoluted tubular epithelium and the 
changes in the first part of the convoluted tubules in Dog 34, and the lesser changes 
in the tubular epithelium in dogs on smaller dosage, were probably attributable to 
the toxic action of the antibiotic. These changes are transitory and in other experi- 
ments, when a few days were allowed to elapse after the cessation of treatment, 
were no longer to be observed after polymyxin E. It is noteworthy that Dog. No. 
36 also exhibited some acute and subacute interstitial nephritis which was unlikely 
to be causally related to the administration of polymyxin. 
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Observations in rabbits ——Four rabbits were given 30,000 units per kg. in a single 
dose subcutaneously daily for the same period as the dogs described above. 

The animals remained well, with healthy appetites, and exhibited no abnormal 
changes in temperature. Blood examination every four days showed no changes in 
haemoglobin, red cell, reticulocyte, and total and differential leucocyte counts. 

All the rabbits had proteinuria of some degree before the beginning of the experi- 
ment, 0.02, 0.14, 0.14, and 0.5 g. per litre, and all exhibited throughout proteinuria 
of some degree. In R.1029 the level was always 0.1 or less than 0.1 g. per litre on 
all but three occasions, when it reached 0.4, 0.12, and 0.95. In R.1030 the level never 
exceeded its highest control value, 0.14 g., and was usually less than half that. In 
R.1031, apart from the fourth day when the value reached 1.0 g. per litre, and during 
a period from the tenth to the sixteenth day when it was regularly 0.5—0.55 g. per 
litre, the values did not reach the highest control level. In R.1000 the level was 
less than its highest control level throughout, generally less than 0.05 g. per litre. 

The microscopical appearances in the kidneys of the first three animals after they 
had been killed on the 23rd day did not reveal any significant damage attributable 
to polymyxin except possibly R.1030, which showed some swelling and fine granu- 
lations in the convoluted tubular epithelium. 


DISCUSSION 


This paper is chiefly concerned with the pharmacology and chemotherapy of 
polymyxin E in comparison with polymyxins A and B. In its bactericidal activity 
polymyxin E does not differ significantly from polymyxins A and B. Jn vitro it has 
the same wide spectrum for gram-negative organisms and quantitatively equivalent 
activity. In animal experiments it has the same striking chemotherapeutic activity 
against H. pertussis and S. typhosa as polymyxin B, though both these antibiotics 
may be a little less active than polymyxin A. 

Polypeptide antibiotics in general exhibit certain specific damaging effects in the 
body. The most serious toxicity of this kind exhibited by the polymyxins is their 
effect upon the epithelium of the convoluted tubules of the kidneys. With poly- 
myxins A and D this is severe though reversible and readily demonstrable in rats, 
rabbits, dogs, and in man. With polymyxin B this nephrotoxic effect is much less 
evident even in rats, rabbits, and dogs in captivity, all of which, in control obser- 
vations, exhibit intermittent proteinuria of variable degree. In rats after a single 
large subcutaneous injection of polymyxin B there was no perceptible increase in the 
protein excreted in the urine. In rabbits after large single daily injections for 
several days increase in protein excreted was barely evident, particularly in com- 
parison with the effect of polymyxin A, but in dogs, which appear to be more sen- 
sitive, after repeated subcutaneous injection there was a definite but slight increase 
in the protein excreted in the urine. 

The nephrotoxic effect of polymyxin E is even less than that of polymyxin B. 
In rats after a single injection and in rabbits after repeated injections there was no 
increase in protein excreted, and even in the more sensitive dog there were only just 
detectable increases after repeated injections. However, during prolonged treatment 
for 21 days with 20,000 units per kg. thrice daily, small but definite increases were 
observed. 
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After treatment with polymyxin E for 21 days the renal damage attri- 
butable to the antibiotic consisted of hyaline droplet degeneration of the epithelium 
of the convoluted tubules with some nuclear changes, both of which were less after 
the smaller than after the larger doses of polymyxin. It should be noted that in 
other short-term experiments with dogs in which a few days were allowed to elapse 
before obtaining the kidneys for section none of these changes could be found ; they 
must therefore be readily reversible. It should also be emphasized that two out 
of four of the dogs used for the chronic toxicity test were already suffering from 
interstitial nephritis, and that, in assessing the significance of these observations 
in rats, rabbits, and dogs, we are always concerned with the effects upon kidneys 
which cannot be regarded as comparable with normal human kidneys, and in dogs 
many may have been damaged by leptospira infection. 

In view of the relation which appears to exist between the extent of renal damage 
caused by polymyxin A and the amount of the antibiotic excreted in the urine, the 
very low levels of antibiotic in the urine observed after repeated injections of poly- 
myxin E lends support to the view that it has little nephrotoxic activity. 

From studies, both of which are yet unpublished, made in conjunction with Dr. 
P. N. Swift, of Farnborough Hospital, and with Dr. N. M. Coutts, of the Brook 
Hospital, in infants suffering from pertussis only about one-tenth exhibited protein- 
uria during treatment with 10,000 units per kg. of polymyxin E at four-hourly 
intervals for five or more days. These infants presumably had normal kidneys 
apart from any slight damage attributable to pyrexia or infection. It is therefore 
evident that the nephrotoxic effects of polymyxin E are minimal. 

Whereas polypeptides injected intravenously sometimes cause a fall in blood 
pressure, this effect with polymyxin E was only irregularly observed in experimental 
animals. 

Polymyxin E by subcutaneous or intramuscular injection does not cause, at the 
site of injection, tissue injury comparable to that observed after the injection of 
corresponding doses of polymyxin B, and in man the injection of polymyxin E does 
not give rise to any more discomfort than an injection of penicillin. 

In our earlier experiments with subcutaneous doses of 10,000 units per kg. thrice 
daily for three days polymyxin E never caused the pyrexia and malaise regularly 
observed in dogs with polymyxin B ; recent samples of polmyxin B show only minor 
pyrexial effects without malaise. Kagan, Krevsky, Milzer, and Locke (1951) com- 
ment on the variability in the reports on the toxic reactions of polymyxin B. Refer- 
ring to the pyrexial reaction, they draw attention to the fact that, of five separate 
workers, only one noted pyrexial reactions and these were in 62 of 66 patients. 

We can offer but little evidence about the fate of the polymyxins in the body. 
When mixed with serum they at once lose 50 per cent of their activity in vitro, and 
it is significant that even within 5 min. after intravenous injection much lower 
blood levels of either polymyxin B or E are observed than would be expected. 
Assuming no immediate loss by excretion or by entry into body cells or into 
the tissue spaces the actual levels are only about 10 per cent of those expected. 
These polymyxins do not long persist in active form in the blood stream, especially 
after a single injection. They are excreted only in trivial amounts in the urine, 
and they are not excreted in the bile, and we have no evidence of direct excretion 
into the alimentary tract. In this connexion it will be remembered that when the 
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polymyxins are added to faeces there is a large immediate loss of activity (Brownlee 
and Bushby, 1948). The polymyxins do not pass the blood-brain barrier. We have 
not yet accurate information concerning their molecular size. Though they go 
through some semipermeable membranes it is unlikely that they pass the glomerular 
filter in more than minute amounts. Their rapid disappearance in biologically 
active form from the circulating blood may most probably be accounted for by 
adsorption to protein. There is, however, no evidence of adsorption or entry into 
the red blood cells, since, after admixture of polymyxin with blood in vitro and sub- 
sequent centrifugation, the concentration in plasma is that which would be expected 
from admixture of the same dose of polymyxin with that volume of plasma or serum. 
Some support for this hypothesis is afforded by the fact that after repeated injection 
much higher blood levels are observed, a fact which could readily be attributed to 
partial saturation of the adsorbing surfaces. 


Of the ultimate fate of the polymyxins we know even less. We have not explored 
their distribution in the organs, and the only evidence which we can offer indicates 
that in the liver there is no more active polymyxin than would be accounted for by 
its presence in the blood included within the organ. It is not improbable that the 
polymyxins, though they are completely resistant to destruction by pepsin, trypsin, 
or papain in vitro, are, like other polypeptides, broken down in the body. 


Apart from any question of toxicity all the polymyxins have certain disadvantages 
as therapeutic agents. They are not absorbed from the alimentary tract and after 
parenteral administration give relatively low blood levels ; furthermore they do not 
pass the blood-brain barrier. 

Additional disadvantages from which the polymyxins suffer are their toxic side- 
effects, particularly their nephrotoxicity. Here polymyxins B and E show their 
superiority over the other members of the group, since these two polymyxins have 
only slight nephrotoxic action. In children and adults with normal kidneys poly- 
myxins B and E in therapeutic dosage show little evidence of causing renal damage, 
and even when slight damage occurs it is readily reversible. In experimental animals 
with already damaged kidneys large and repeated doses are necessary to cause 
significant renal damage. The remaining side-effects are not of great practical 
importance, though polymyxin E has some advantage over polymyxin B in causing 
less tissue injury at the site of injection. 

On the other hand, there are certain advantages. They are rapidly bactericidal 
and even minute amounts excreted in the urinary tract can be efficient sterilizing 
agents (Pulaski and Rosenberg, 1949 ; Jawetz and Coleman, 1949). 

Their non-absorption from the alimentary tract can be advantageous when it is 
desired to restrict bactericidal action to the lumen of the intestine (Ross, Burke, Rice, 
Washington, and Stevens, 1950 ; Kagan, Krevsky, Milzer, and Locke, 1951), and for 
the treatment of meningitis polymyxins B or E can be administered intrathecally 
(Kagan, 1949 ; Hayes and Yow, 1950 ; Swift and Bushby, 1951). 


The polymyxins are particularly suitable for local application even when large 


raw areas are involved. Jackson, Lowbury, and Topley (1951), after prolonged - 


clinical trial of polymyxin E in burns, found no toxic symptoms, even with the exten- 
sive use of 1 per cent cream, and in 0.1 per cent strength the antibiotic was effective 
both prophylactically and therapeutically in Ps. aeruginosa infections. 
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SUMMARY 


1. Polymyxins A, B, C, D, and E all have similar antibacterial spectra without 
significant quantitative differences. 


2. The efficiency of the polymyxins as bactericidal agents depends upon the size 
of inoculum of rapidly growing genera of bacteria. 


3. The chemotherapeutic activity of polymyxins A, B, and E in mice has been 
compared against S. typhosa and H. pertussis; polymyxins B and E are slightly 
less active than polymyxin A. 


4. Administered orally, polymyxin E, like polymyxins A and B, is not absorbed 
from the alimentary tract, except in the newborn animal. 


5. These antibiotics all cause a sharp fall in the counts of viable faecal aerobes, 
even of those insensitive to polymyxin. 


6. Administered in single doses by subcutaneous or intramuscular injection in 
rabbits, dogs, and in man, polymyxins A, B, and E enter the blood stream and 
variable blood levels persist for from three to sixteen hours. The blood levels are 
higher with polymyxin A than with polymyxins B and E. With repeated doses 
higher blood levels can be obtained. 


7. After single parenteral injections only a small fraction of the dose is excreted 
in the urine, and none is detectable in the bile. 


8. After intracisternal administration in rabbits polymyxin E can be detected in 
the cerebrospinal fluid up to twenty-four hours. 


9. Polymyxins A, B, and E all have about the same LDSO in mice after intra- 
venous injection. By the intraperitoneal route their toxicities are of the same order. 


10. Polymyxins A, B, and E in large doses all exhibit an antidiuretic effect in rats. 


11. Polymyxins B and E exhibit far less nephrotoxic action than polymyxin A. 
In rats, rabbits, and dogs after single and repeated doses of these two polymyxins 
renal change is minimal, and in this respect polymyxin E, except in prolonged experi- 
ments with large doses in dogs, gave but little evidence of injury to the kidneys. 


12. Early samples of polymyxins B and E injected intravenously, apart from the 
presence of a histamine-like substance as an impurity, showed occasional vaso- 
depressant action in experimental animals. No sign of this effect has been observed 
in man after intravenous injection of polymyxin E. 


13. Polymyxin E causes less local reaction at the site of injection than poly- 
myxin B. 


14. The results of “chronic toxicity ” tests of polymyxin E in dogs and rabbits 
are recorded. 
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